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Ultrafast Primary Processes in PS | from Synechocystis sp. PCC 6803:
Roles of P700 and A,
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*Ames Laboratory, U. S. Department of Energy, and Departments of TBiochemistry, Biophysics, and Molecular Biology, and *Chemistry,
lowa State University, Ames, lowa 50011 USA

ABSTRACT The excitation transport and trapping kinetics of core antenna-reaction center complexes from photosystem |
of wild-type Synechocystis sp. PCC 6803 were investigated under annihilation-free conditions in complexes with open and
closed reaction centers. For closed reaction centers, the long-component decay-associated spectrum (DAS) from global
analysis of absorption difference spectra excited at 660 nm is essentially flat (maximum amplitude <10~ absorbance units).
For open reaction centers, the long-time spectrum (which exhibits photobleaching maxima at ~680 and 700 nm, and an
absorbance feature near 690 nm) resembles one previously attributed to (P700™ - P700). For photosystem | complexes
excited at 660 nm with open reaction centers, the equilibration between the bulk antenna and far-red chlorophylls absorbing
at wavelengths >700 nm is well described by a single DAS component with lifetime 2.3 ps. For closed reaction centers, two
DAS components (2.0 and 6.5 ps) are required to fit the kinetics. The overall trapping time at P700 (~24 ps) is very nearly the
same in either case. Our results support a scenario in which the time constant for the P700 — A, electron transfer is 9-10
ps, whereas the kinetics of the subsequent A, — A, electron transfer are still unknown.

INTRODUCTION

The primary events triggered by light absorption in theplexes with closed reaction centers, in which the special pair
chlorophyll (Chl) a core antenna of photosystem | (PS 1) has been oxidized to P700 The cause for the apparent
complexes have been intensively studied by many groupsimilarity between the trapping kinetics in complexes with
since the mid-1980s (for a review, see van Grondelle et algpen and closed reaction centers is unknown and appears to
1994). In recent years, a consensus has begun to emergave been little discussed in the literature.
regarding some of the principal features of the experimental Several major issues persist regarding the primary pho-
PS | antenna kinetics (Holzwarth et al., 1990, 1993; Jia etoprocesses in PS I. Although the structure of a cyanobac-
al., 1992; Holzwarth, 1991, 1992; Turconi et al., 1993;terial PS | core antenna-reaction center complex has become
Hecks et al., 1994; Hastings et al., 1995; Savikhin et al.increasingly well known since 1993 (Krauss et al., 1993,
1999). The Chla Q, antenna spectrum in PS | is broad, 1996), the locations and functions of the far-red Chls, whose
owing to the presence of multiple Chl spectral forms ab-Q, levels lie at wavelengths longer than the P700 lower
sorbing between~660 and 700 nm (lkegami and Itoh, exciton component, are still unknown. Several authors have
1986; Owens et al., 1988; Jia et al., 1992; van der Lee et alproposed that the red Chls are close to the reaction center
1993; Gobets et al., 1994). When this spectrum is excite@werst et al., 1992; Jia et al., 1992; Trinkunas and Hol-
toward its blue edge, subpicosecond equilibration occurgwarth, 1994). The fluorescence excitation spectrum of PS
among the~100 Chl pigments in the bulk antenna (Du et | trimers from the cyanobacteriu@pirulina platensisex-
al., 1993; HaStingS et al., 1994a,b, 1995; Savikhin et alh|b|ts a 738 nm band at 77 K, in addition to shorter-
1999). Subsequent equilibration then occurs (with 3-7 pgyavelength features at 680 and 710 nm (Karapetyan et al.,
kinetics, depending on species) with a small number of997). The 738 nm band is absent in the monomeric com-
specialized red Chls absorbing at wavelengtig00 nm.  plexes, suggesting that the longest-wavelength Chl type in
The number and type of these far-red Chls varies with thespirylina arises from interactions among peripheral Chls
species. The bulk antenna excitation in cyanobacterial anfoynd to different monomers within of the trimer. Different
green plant PS | complexes with open reaction centergygrescence behavior is shown by PS | trimers from the
decays with 19-24 ps kinetics, due to trapping at P70QyanobacteriunBynechocystisp. PCC 6803, whose low-
(Hastings et al., 1995). (P700 designates the primary donQgmperature spectrum is dominated by an intense band at
special pair Chls; P700*, electronically excited P700; and_71g nm (Gobets et al., 1994). These authors concluded
P700", oxidized P700.) Very similar trapping kinetics (aris- ¢ essentially all of the far-red absorption and emission in
ing from an unknown mechanism) reportedly occur in COM-gynechocystiarises from a single dimeric Chl pair absorb-
ing at 708 nm. They reasoned that the unusually large
Received for publication 24 February 2000 and in final form 22 May 2000. (N_ZOO cm l) Stokes’ shift of the 71,8 hm emission band
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Department of Chemistry, Gilman Hall, Ames, IA 50011-3111. Tel.: large reorganization energy, analogous to that which ac-
515-294-4276; Fax: 515-294-1699; E-mail: wstruve@ameslab.gov. companies charge-transfer transitions in the B820 BChl
© 2000 by the Biophysical Society dimer (Pullerits et al., 1994) and in the special pair BChls of
0006-3495/00/09/1573/14  $2.00 bacterial reaction centers (Reddy et al., 1992). Soukoulis et
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al. (1999) sought to localize the position of the F718 Chl(s)center cofactors like P700 or Ais not possible, these

in Synechocystisp. by studying the fluorescence spectra inelectron transfer timescales are necessarily based on indirect
monomeric and trimeric PS | mutants deficient in one oror cumulative measurements. Hastings et al. (1994b) deter-
more of the peripheral protein subunits PsaF/J, PsaKiined that the difference between the 598 686 nm
Psal/L, and PsaM (Fig. 1). All of the subunit-deficient absorption difference profiles f@ynechocysti®S | parti-
mutants (monomeric as well as trimeric) exhibited fluores-cles with open and closed reaction centers (prepared under
cence spectra essentially identical to the wild-type specneutral and oxidizing conditions) exhibited4 ps photo-
trum. The F718 Chi(s) irBynechocystiss (are) therefore bleaching/stimulated emission (PB/SE) rise ar@l1 ps
likely bound to the PsaA/B heterodimer, which binds thePB/SE decay kinetics. (The notatiomix — yyy denotes a
reaction center cofactors as well as the majority of bulkpump-probe experiment in which an absorption difference
antenna Chls. Since PsaA/B binds the most distant as wefirofile was measured gy nm after excitation axxxnm.)

as nearest antenna Chis%0 A and<30 A, respectively, These lifetimes were attributed to the formation and disap-
from the reaction center), the location of the F718 Chls withpearance, respectively, of the radical pair (P7@Q,) fol-
respect to the reaction center is still unresolved. (The notalowing unselective Qexcitation of the bulk antenna at 590
tions Fxxx and Cxx represent, respectively, Chl species nm. Thus, the 21 ps kinetics were ascribed to the electron
with low-temperature Qfluorescence peak atxxnm and  transfer step A— A;. The~4 ps kinetics were assigned to
those with low-temperature absorption peak axxnm.)  the sequence beginning with light absorption absorption in
Very recent spectral hole-burning studies of wild-type andthe antenna, continuing with antenna excitation equilibra-
mutant PS | fromSynechocysti§Résep et al., 2000) have tion and trapping at P700, and ending with reduction gf A
detected separate low-temperature absorption bands at 7Qder this interpretation, the rate-limiting step in this se-
and 714 nm, so that the C708 and F718 features in fact arisguence (which would normally require20 ps inSynecho-
from different states. The 718 nm fluorescenc&ymecho-  cystissp. under annihilation-free conditions) was foreshort-
cystisis thus due to the C714 Chls, rather than the C70&ned to ~4 ps under the high-intensity laser pumping
Chls as reported earlier (Gobets et al., 1994). required in order to observe absorption difference signals

The kinetic sequence of electron transfer events in PS Wwith useful signal/noise ratio (Hastings et al., 1994b).
after oxidation of P700 is not well established. A review by Hence, these measurements represented an upper bound of
Brettel (1997) suggests that electron transfer from P700* to-4 ps for the timescale of the process P700-A P700°
the chlorophylloid primary acceptor (hoccurs with 1- 3 Ag. This conclusion rested on the key assumption, stressed
ps kinetics, followed by 20-50 ps electron transfer fro;m A by Hastings et al. (1994b), that the antenna kinetics are
to the phylloguinone secondary acceptoi, Because the identical in PS | complexes with open and closed reaction
antenna and reaction center Chl absorption spectra overlagnters, and therefore cancel out in the (open-closed) ab-
considerably, and because selective excitation of reactiogorption difference spectra. In an earlier paper (Hastings et
al., 1994a), the intrinsic rate of radical pair formation was
estimated to be-1.6 ps in a trapping-limited kinetic model
using an assumed effective antenna size. The latter was
derived from crude estimates of the core antenna size
(~100), the antenna spectral distribution, and the number of
far-red Chls (believed to be-8) absorbing at-703 nm at
room temperature. Hastings et al. (1994b) reasonably con-
cluded that the difficulty of measuring an {A Ay) tran-
sient spectrum (which was believed to peak-#86 nm)
stems from lack of & population buildup, due to its rela-
tively short lifetime.

The positions of Chls inside PS | reaction centers from
the cyanobacteriurBynechococcus elongat{i&rauss et al.,
1996) resemble the pigment organization in purple bacterial
reaction centers (Chang et al., 1991; Deisenhofer et al.,
1985; Deisenhofer and Michel, 1989; Allen et al., 1986).
The primary electron acceptorAs believed to occupy (one
of) the position(s) similar to the locations of the bacterial
BPheos; the (§- Ay) absorption difference spectrum re-
FIGURE 1 Arrangement of protein subunits in the core antenna - reac-ported|y exhibits a maximum at686 nm (Hastings et al.,

tion center complex of cyanobacterial photosystem I, according to 4 A . . .
structure of Krauss et al. (1995), with subsequent modifications. The1994b)' However, no absorpnon transient attributable to the

reaction center cofactors lie at the boundary between the PsaA and PsdBS | @analogs of the accessory BChls (hereafter termed the
subunits, directly below subunit PsaC. “accessory Chls”) has been reported.
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In this paper, we report new pump-probe experiments orPS IAA spectrum at variable time delays. Continuum pulses were split into
wild-type PS | trimers fromSynechocystisp. PCC 6803. reference and probe beams; both were focussed into the PS | sample cell,

All of our experiments were performed under annihilation- 24t 0" the probe beam intersected the pump beam. The reference and
probe beams were dispersed in a programmable Oriel MS257 imaging

free conditions, as_ v_er|f|ed by in situ .power_ deDende_nCQnonochromator with 1200 groove/mm grating operated-atnm band-
measurements. Building on the foundations laid by Hastinggass, and directed onto separate Hamamatsu S3071 Si pin photodiodes (5
et al. (1994b), we evaluated differences between pumpmm diameter active area). The photodiode signals for every pulse were
probe profiles for open and closed reaction centers, Obtaineﬂnp"f'ed and integrated in Stanford Research Systems SR250 boxcar

. - - integrators, and digitized in a National Instruments MIO-000 16-bit analog-
for the same sample under identical spectroscopic Cond{o-digital converter (ADC) computer plug-in module. The time delay

tion.s- pirect 'SUbtraCtion was thus possible without reNOrsweep and monochromator drive were automated with Spectra-Solve soft-
malization. Since the presence of a C714 far-red Chl speciagare (Ames Photonics, Inc., Ames, IA), and\A surface versus time and
was indicated by spectral hole-burning experimentSyn-  probe wavelength (e.g., 15 probe wavelengths from 660 to 700 nm) could

echocystissp (R'asep et al 2000) many of our PS | be generated in-2 h without realignment of lasers or optics. The noise
! ' erformance was close to shot noise-limited; the rms noisdAirwas

samples were excited at 718 nm as well as at 660 nm. \N%lO’5 for 1 s accumulation time. Photosystem | samples were housed in

believe that the bulk of the absorption at 718 nm occurs in_q.7 mm path length, 2-inch diameter centrifugal cells rotating 2 Hz;

the C714 species (see below), although a small fractiomiven the 1 kHz laser repetition rate, successive pulses excited nonover-
(~10%) of light at this wavelength is absorbed in the P700apping spots in the cell. The PS | optical density was typicalfy4 at 680
lower exciton level. nm. Excitation pulse energies wetel0 nJ, and the excited spot size was
~100 um. In all current experiments, operation in the annihilation-free
regime was confirmed by control studies in which the laser power was
varied. Fig. 3 in Savikhin et al. (1999), which illustrates the strong pump
power dependence of 668 700 nm pump-probe profiles for PS | from
Synechocystisp. in the annihilation regime, shows an example of such a
Trimeric PS | complexes were purified from the wild-type strain of the cqntrgl study. Unless otherwise S_PEFifiEd~ experiments were carried O_Ut
cyanobacteriunSynechocystisp. PCC 6803 by a previously published with linear pump and probe polarizations separated py 54.7°. All t_axperl-
method (Sun et al., 1998). Optical clarity of the PSI preparation wasments were performgd qt room tempgrature. In anisotropy studies, the
improved by centrifugation through Spin-X centrifuge filter units (0,28 pump and probe polarizations were rapidly alternated between parallel and

cellulose acetate membrane; Costar). The chlorophyll concentration of Pger_pendmular using a Meadowlark Optlc_s LRCTZOO'IRl liquid crystal
| trimers was measured in 80% acetone. Purity of PS | preparations wa\éalrlable retarder (Longmont, CO),; the_opncal an!sotropy was the_n com-
examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresié’Uted from the respective absorption difference sign#igf), A, (f) via
analysis of protein subunits.

A self-mode-locked Ti:sapphire laser (pumped by a 3W multiline Co- r(t) = (AA(L) — AA (D/(AA() + 2AA (D).
herent Radiation Innova 90-5 argon ion laser, Santa Clara, CA) generated
780 nm pulses with 50—80 fs duration at 100 MHz repetition rate. These 5| pg | samples for pump-probe experiments contained 5 mM sodium
were passed through an optical isolator, and dispersed &) ps duration  55corhate. The P700 oxidation state was reversibly controlled by ambient
in a grating pulse stretcher. The pulses were then amplified by a factor ofighting conditions; no differential chemical treatments were required to
~10° at 1 kHz (0.5 mJ/pulse) in a Ti:sapphire regenerative amplifier, yrenare open or closed reaction centers. Reaction centers in pump-probe
pumped by a Clark-MXR Inc, ORC-1000 Q-switched Nd:YAG laser gxperiments conducted in complete darkness were predominantly open (cf.
(Dexter, MI). The regenerative amplifier incorporated a Medox Electro- Results section below). In experiments performed on samples continuously
Optics Pockels cell. After recompression to 90-100 fs duration in a duafjjyminated by a computer-controlled 3V flashlight bulb, the reaction
grating pulse compressor, the amplified pulses were converted in a Typedenters were almost exclusively closed. Our ability to manipulate the P700
BBO optical parametric amplifier (OPA) crystal into infrared signal and oxjdation state reversibly without sample replacement or system realign-
idler frequenciesd — w; + o). The OPA design, after that of Hasson ment ensured exact mutual normalization of absorption difference signals
(1997), employed a double-pass configuration; the OPA process wagyr open and closed reaction centers.
initiated by continuum seed pulses generated by focusih of the 780 The steady-state absorption spectrum for PS | with open reaction centers
nm pulses into a sapphire crystal. This seeding greatly increased th@as obtained with a sample in a dark compartment of a Perkin-Elmer
signal/noise in the OPA signal pulses. Frequency-doubling the OPA signalambda 3 spectrophotometer (Norwalk, CT). Continuous stirring of the
output pulses yielded visible light pulses that were easily tunable over thgolution with an 8 mm magnetic bar minimized P708uildup in the light
entire photosystem | Chd Q, spectrum (600—720 nm). Aside from the beam path. For closed reaction centers, the same sample was illuminated in
argon ion and Nd:YAG pump lasers, all major optical assemblies (includ-situ for 2 s with a computer-controlled 3V flashlight bulb. After the light
ing the regenerative amplifier) were built in-house. A Gaussian fit to awas turned off for 3 s, the sample absorbance was measured. This auto-
Kerr-effect cross-correlation profile between 680 nm frequency-doublednated sequence was repeated for the entire set of absorbance wavelengths
signal pulses and 700 nm broadband continuum pulses generated inrgquired in a spectrum. This protocol was necessitated because absorbance
sapphire plate yielded 98 fs full width at half maximum (fwhm), which measurements during lightbulb illumination were precluded by scattered
would correspond to 70 fs fwhm laser pulses if the signal and continuumight in the spectrophotometer. I8 s delay (several times longer than the
pulse profiles had identical shapes. Cross-correlations at other wavelengtias5 s spectrophotometer time constant, s@torders of magnitude shorter
varied from 100 to 200 fs fwhm. Due to group velocity dispersion in the than the 100—-200 s P700— P700 recombination time determined in
optics, the timing between pump and probe pulses varied with wavelengtseparate experiments, not shown) yielded accurate measurement of the
(by ~400 fs for probe wavelengths between 650 and 730 nm); this wasspectrum for closed reaction centers. The difference between the absorp-
calibrated for all combinations of pump and probe wavelengths. tion spectra for open and closed reaction centers is shown in Fig. 2, along

For pump-probe experiments, frequency-doubled OPA signal pulsesvith the steady-state absorption spectrum for PS | with open reaction
served as pump pulses, while the broadband continuum pulses sampled tbenters.

MATERIALS AND METHODS
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Fig. 3,a andb, and Fig. 3c contain primarily open and

0.006 — //\ — P700-P700 closed reaction centers, respectively.
0.004 B / \\ - 200ps Another difference between the DAS for open and closed
: L / \ -— absorbance reaction centers was that a fifth DAS component (lifetime
< 0.002 - 7 \ 6.5 ps) was required for accurate description of the kinetics
4 0 ;‘/’ N A‘l N o] for closed reaction centers at most probe wavelengths (Fig.

3¢). Such an additional component was not usually required
for open reaction centers (Fig. 8 andb). At probe wave-
lengths other than 695 nm, a four-component global analy-
sis (yielding lifetimes of 530 fs, 2.3 ps, 23.6 ps, and 1.2 ns)
IR B AR provides a good description of the kinetics for open reaction
600 650 700 750 800 centers. The additional, minor 6.2 ps component that
emerges in a five-component global analysis for open reac-
Wavelength, nm tion centers (Fig. 3) shows a relatively low, fluctuating
amplitude at most wavelengths.
FIGURE 2 _Difference between steady-state apsorption spectra for PS | our previously measured PS | kinetics (Savikhin et al.,
complexes with closed and open reaction centssBd curve; steady-state . . .
absorption spectrum of PS | with open reaction ceniastfed curvg and 1999), obtained under the assumption that the P700 oxida-
absorption difference spectrum at 200 ps for PS | with open reactiofion state does not influence antenna processes, coincide
centers dotted curvi The 200 psAA spectrum and the steady state with our present results for closed reaction centers. Struc-
spectrum for open reaction centers are multiplied by factors of 12 and 0.0%,;re-based simulations of PS | antenna kinetics (Savikhin
respectively. and Struve, unpublished work) in fact predict that the over-
all antenna equilibration kinetics depend to some extent on
whether the reaction centers are open or closed. Thus,
RESULTS contrasting antenna kinetics as well as reaction center pro-
cesses may contribute to the total differences observed
between the kinetics for open and closed reaction centers.

-0.002
-0.004 —

Global analyses for open and closed
reaction centers

Pump-probe experiments under 660 nm excitation in com-

plete darkness yielded the decay-associated spectra (DAS) ,. - , .

shown in Fig. 3a andb. With the room lights on and/or a mdlwdual profiles excited at 660 nm and 718 nm
flashlight directed into the sample, the otherwise identicalFig. 4 shows 6668- 690 nm isotropic absorption difference
pump-probe experiment yielded the DAS shown in Fig. 3 profiles for PS | complexes with open and closed reaction
Family resemblances shared by the three sets of DAS incenters. The corresponding (open-closed) difference profile
clude: (i) a 400-530 fs DAS component arising from sub-is shown in the bottom of Fig. 4. For open and closed
picosecond excitation equilibration in the bulk antenna; (ii)reaction centers, thAA signals at long times are-0 and
a~2 ps component signaling equilibration between the bulk~0, respectively. These are consistent with the relative
antenna and far-red Chl(s) absorbing at 705-710 nm; anlbng-component DAS amplitudes shown for open and
(i) a 22—24 ps component due to excitation trapping at theclosed reaction centers at 690 nm in Fig. 3. The 66690
reaction center. A major difference between the analyses aim difference profile (bottom of Fig. 4) initializes te0 at

the light and dark experiments lies in the asymptotic speczero time. (The mutual normalization of the open and closed
trum at long times. The long-time DAS labeled “1.2 ns” in profiles is exact, because the two experiments were con-
Fig. 3, a and b, for dark reaction centers exhibits PB/SE ducted for the same PS | sample with identical cell position
maxima at~680 and 700 nm, coupled with an absorptionand laser beam geometries.) A biexponential fit to this
maximum at~690 nm. This spectrum is essentially the difference signal yields a 9.8 ps PB/SE rise time, combined
same as one previously identified as the (P78p) - (P700  with a 21 ps PB/SE decay toward a positive asymptote. This
A,) difference spectrum foBynechocystisp. (Hastings et positive asymptotic feature corresponds to the 690 nm ab-
al., 1994a,b). By constrast, the long-time spectrum labeledorption peak in the steady-state (open-closed) spectrum
“10.8 ns” in Fig. 3c for reaction centers in ambient light (Fig. 2). (This difference signal could, alternatively, be
appears flat. The long-component DAS for dark reactioninterpreted as a 9.8 absorption decay feature, followed by 21
centers (Fig. 3a andb) is very similar to the difference ps absorption rise kinetics. Our experiments also cannot
between steady-state absorption spectra for PS | with closediscern a priori whether the difference kinetics are due to
and open reaction centers (Fig. 2). The absorption differprocesses occurring in open reaction centers alone, pro-
ence spectrum measured for open reaction centers at 200 passes in closed reaction centers alone, or to different ex-
time delay is superimposable on the steady-state absorptidants in both.) This difference profile resembles one de-
difference spectrum (Fig. 2). Hence, the PS | complexes irscribed by Hastings et al. (1994b) f&ynechocystisp.,
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FIGURE 3 Decay-associated spectra (DAS) from global analyses of pump-probe experiments on photosysteByhédairacystisp. excited at 660

nm: @) four-component fit for open reaction centets); five-component fit for open reaction centers; aogfive-component fit for closed reaction centers.
Negative amplitudes correspond to PB/SE decay and/or excited state absorption rise components. Absorbance units are absolute underpergaht experi
conditions. Steady-state absorption spectraolid curve is superimposed on each set of DAS. DAS spectral componen# ard€ 0.53 ps®), 2.3 ps

(M), 23.6 ps A), and 1.2 ns #); in (b), 0.44 ps @), 2.3 ps W), 6.2 ps ©), 23.5 ps A), and 1.2 ns ¢); and in €), 0.43 ps @), 2.0 ps W), 6.5 ps O),

24 ps @A), and 10800 ps¢).

excited at 590 nm and probed at 686 nm. These author&, A;. The rate-limiting step for A& formation after an-
extracted biexponential lifetimes of 4 and 21 ps for theirtenna excitation is believed to be antenna excitation trap-
difference profile, analogous to our 9.8 and 21 ps kineticsping at P700, which normally requires20 ps. Hastings et
These kinetics were attributed largely to formation andal. (1994b) ascribed the apparent 4 psréduction kinetics
decay of the (§- A,) difference spectrumyia the electron  to shortening of the empirical trapping time-tet ps due to
transfer sequence P700% A, — P700" A; A, — P700" annihilation in the antenna.

Biophysical Journal 79(3) 1573-1586
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individual and (open-closed) difference profiles in Table 1.
B open—" All of the difference profiles obtained under 660 nm exci-
R tation initialize near 0 at zero time (Figs. 4, 5). The unusual
behavior observed at early times15 ps) in the 666 720
nm difference signal cannot be modeled using a single
PB/SE risetime, but can be simulated with rise and decay
components of slightly different lifetime but opposite sign.
This points to the likelihood that the kinetics for open and
closed reaction centers do not share the same set of life-
times, which complicates the interpretation considerably.
Fig. 6 shows individual isotropic profiles and (open-
closed) difference profiles for PS | excited at 718 nm and
probed at 680, 690, 710, and 720 nm.

-0.0005 -

AA

-0.001 -

'llll]l|]l|lll1

-0.0015 |~

ll||ll|ll||'llll|llllll

0 50 100 150 200 Anisotropy under far-red excitation

FaN

e In a previous paper (Savikhin et al., 1999), it was shown that
open-closed excitation in the bulk antenna (pump wavelengtig00
nm) produces pump-probe anisotropiés that decay rap-
idly (with significant subpicosecond components) toward
very small residual anisotropiage=) at long times. This
suggested that femtosecond energy transfers occur among
bulk antenna Chls with essentially randory @ientations.
However, excitation of far-red Chls>700 nm) sometimes
yields nonzero residual anisotropies (as expected, since the
far-red Chls are few in number); the far-red anisotropies
o e Lo b b often exhibit more slowly decaying components. Savikhin
0 50 ,100 150 200 et al. (1999) described an “anomalous” 748 680 nm
Time, ps anisotropy that initialized at(0) ~ —0.50, decaying to a
FIGURE 4 Isotropic absorption difference profiles for PS | excited at small residual anistropy with2.4 ps kinetics. The negative
660 nm and probe(;)at 690 n?ﬁc(p) AA(t) for opZn reaction centersdlid 'f“t'a' _amSOtropy .arose because the perpendicular absorp-
line) and AA(t) for closed reaction centerslgshed ling (Botton Differ- 10N difference signal was larger than the parallel signal
ence between isotropic profiles for open and closed reaction center{ AA, > AA;), suggesting the presence of~&680 nm
Negative signals correspond to PB/SE; signals for open and closed reactiaaxciton level polarized perpendicular ta~& 20 nm state of
centers are mu_tually normalized. Absorption changes on vertical scales afg e sgme parentage (e.qg., a dimeric Chl pair with upper and
in absolute units here and elsewhere. lower exciton levels near the respective wavelengths). In
this work, we have studied anisotropies under 710 and 720
nm excitation, using probe wavelengths ranging from 675 to
However, our difference profile in the bottom of Fig. 4 720 nm, differences were examined between PS | com-
was obtained under annihilation-free conditions (cf. theplexes with open and closed reaction centers. The results are
23-24 ps trapping components observed for both open arglimmarized in Fig. 7 and in Table 2.
closed reaction centers, Fig. 3). This rules out the interpre- The excitation wavelengths 710 and 720 nm produced
tation of Hastings et al. (1994b), and our difference signalery similar anisotropies. Because the spectrum of the fre-
must therefore arise from some other mechanism (see Distuency-doubled OPA pump pulses was typical$3 nm
cussion). fwhm, the OPA output wings were suppressed in some
Fig. 5 shows analogous results for the pump-probe waveexperiments using either a 710 nm interference filter (711
lengths 660— 680, 660— 700, and 660— 720 nm. For  nm center wavelength, 5.2 nm bandwidth) or a 720 nm filter
open reaction centers, the asymptotic signals at long time&20 nm, 5.5 nm bandwidth). This filtering had little effect
conform to the relative long-component DAS amplitudeson either the isotropic or anisotropic profiles. Hence, only
for open reaction centers at the relevant probe wavelengthte anisotropies excited at 720 nm (using the interference
(Fig. 3). For example, the long-time signal in the 660700  filter) are shown in Fig. 7. Although several of the corre-
nm experiment is dominated by a PB/SE component, whiclsponding isotropic profiles showed significant differences
is consistent with the presence of the 700 PB/SE peak in theetween open and closed reaction centers (previous sec-
long component DAS in the global analysis (Fig. 3). Fitting tion), no such differences were found in the anisotropies
parameters are listed for multiexponential analyses of théaside from the fact that the residual anisotropies were not
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FIGURE 5 Isotropic absorption difference profiles for 660680, 660— 700, and 666— 720 nm pump-probe experiments. Top row shows signals
for open 6olid) and closed dashed reaction centers; bottom row shows (open-closed) difference signal. Smooth curves show optimized fits to the
difference signals (Table 1)nsetsshow signal on expanded time scales.

well defined due to low signals at long times). Hence, only Single-exponential fits to the anisotropies yielded life-
the results for open reaction centers are shown in Fig. 7 antimes~10 ps; improved fits were obtained with biexponen-
Table 2. tial models, with lifetimes of 1-2 ps and 11-20 ps (Table 2).

TABLE 1 Optimized parameters from local multiexponential fits to pump-probe profiles

pump— probe 7, (@) 75 (8) 73 (83) @ (ay)
660— 680, open 0.40 (0.10) 2.2 (0.68) 23 (.66) (0.26)
660— 680, closed 0.40 (0.78) 21.0(0.73) (0.05)
660— 680, open-closed 6.2 +0.21) (0.204)
660— 690, open 0.37+0.44) 4.0 (0.39) 24.1 (1.34) —~0.10)
660— 690, closed 0.45+0.50) 3.9 (0.63) 21.1 (1.03) (0.03)
660— 690, open-closed 9.50.34) 25.3 (0.47) £0.13)
660— 700, open 0.4940.32) 2.2 (0.47) 19.3 (0.69) (0.42)
660— 700, closed 0.3340.24) 1.7 ¢0.51) 21.9 (1.00) (0.03)
660— 700, open-closed 10.8—0.15) 37.6 (0.26) (0.04)
660— 720, open 0.40 (0.05) 2.05-0.32) 22.1(0.21) (0.12)
660— 720, closed 0.40 (0.04) 2.6—0.33) 27.0(0.35) (0.004)
660— 720, open-closed 2.0 -0.05) 6.0 (0.11) 30 |£0.17) (0.11)
718— 680, open 3.5 £0.26) 44 (0.20) (0.09)
718— 680, closed 3.7 £0.23) 27 (0.25) (0.02)
718— 680, open-closed 7.8 —+0.08) (0.095)
718— 690, open 2.5 £0.23) 31 (0.60) £0.08)
718— 690, closed 2.8 £0.18) 27 (0.42) (0.01)
718— 690, open-closed 1.0 +0.06) 47 (0.17) £0.09)
718— 710, open 3.1 (0.25) 17 (0.27) (0.18)
718— 710, closed 3.1 (0.26) 23 (0.42) (0.015)
718— 710, open-closed 38 (-0.16) (0.18)
718— 720, open 3.2 (0.13) 17.5(0.17) (0.048)
718— 720, closed 3.2 (0.12) 23 (0.22) (0.003)
718— 720, open-closed 68 (—0.054) (0.054)

All lifetimes are in picoseconds.
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FIGURE 6 Isotropic absorption difference profiles obtained for PS | excited at 718 nm and probed at four different wavelengths: 680, 690, 710, and 720
nm. The top graph in each pair of panels shows signals for open and closed reaction centers, while the bottom graph shows the (open-closed) difference
signal. Insets show expanded time scales.
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FIGURE 7 Polarized pump-probe profilésy(t), AA, (t) and anisotropies(t) for PS | with open reaction centers, excited at 720 nm. Unlike isotropic
signals (Fig. 6), the anisotropies show little dependence on the reaction center oxidation state.

An exception to this pattern was the anisotropy at 690 nmfwhm Gaussian component centered at 691.3 nm (relative
whose decay was dominated by a 450 fs component folamplitude+6.5), combined with a 32.3 nm fwhm Gaussian
lowed by a slower 2-3 ps component. This was the onlyat 698.2 nm (relative amplitude5.0) and a 23.6 nm fwhm
probe wavelength for which subpicosecond anisotropy deGaussian at 655.6 nm (relative amplituelé.6). The 698.2

cay was observed.

DISCUSSION

nm band likely corresponds to the lower exciton component
of the P700 special pair; its large fwhm is characteristic for
charge-transfer transitions, which show large reorganization
energies (Reddy et al., 1992; Pullerits et al., 1994sRaet

The steady-state (closed-open) PS | difference spectrum ial., 2000). The sharper feature at 691.3 nm is assigned to the
Fig. 2 was analyzed by fitting with a sum of symmetric uncharged, monomeric Chl within the oxidized special pair
Gaussian components for wavelengths between 625 and 730700"). Similar assignments were proposed for these two
nm (Fig. 8). This spectrum is well described using a 10.5 nnbands by Schaffernicht and Junge (1981). The relatively

TABLE 2 Optimized parameters from biexponential fits to

anisotropies excited at 720 nm

r(t) = a, e '™ + a7 + ()

pump— probe 71 (ay) 72 (3) r()
720—> 720 1.1 (0.04) 19 (0.24) 0.11
720— 700 1.7 (0.06) 14 (0.18) 0.084
720— 690 0.45 (0.15) 3.0 (0.08) 0.035
720— 680 1.2 (0.49) 13 (-0.14) 0.053

All lifetimes are in picoseconds.

weak 655.6 “band” may not be a separate electronic tran-
sition, since it lies in the region of vibronic features of the
main P700 and P7OOQy bands at 698.2 and 691.3 nm. In
this analysis, the relative areas under the P700 and P700
bands in the difference spectrum are 2.3:1. According to the
4 A crystal structure of PS | frorBynechococcus elongafus
the Q, transition momentsw,, ug of the special pair Chls
are likely nearly parallel. For a P700 homodimer, the tran-
sition moments of the lower and upper transition moments
would then beu. = (ua * ue)/V2 =~ V2ua, 0. Hence,
essentially all of the oscillator strength in the P700 exciton
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7 PB/SE rise kinetics in the P700 spectrum centered at 700
0.005 - ',._;" nm (due to energy transfer from the antenna), combined
~ L absorbance” Y with absorption rise kinetics in the P70Gpectrum cen-
! tered at 690 nm (due to creation of the 690 nm monomeric
,‘ Chl species). The two processes would then exhibit con-
e trasting kinetics, with the distinct lifetimes 9.5 and 25.3 ps.

0 This, in turn, implies that P700 formation does not occur
simultaneously with P700 photobleaching. Contributions
P700*-P700 — ; ;

AA

from the (Ay - A,) difference spectrum should be consid-
ered a priori. However, it is unlikely to influence our ob-

0005 e —— '\1 L |8(I)0 served kinetics in this interpretation, due to smajl pop-
600 ulation buildup (see below).
Wavelength, nm We analyze our kinetics with the sequential kinetic sce-

nario:
FIGURE 8 Decomposition of (open-closed) steady-state absorption dif-
ference spectrum for PS | complexes into sum of symmetric Gaussian
components, with parameters given below. Individual spectral componentantenna*P700 AX — antenna P700* pAX
are given bylong-dashed short-dashed and dot-dashed curvestotal
simulated spectrum is given by smoosiolid curve superimposed on
experimental curve. Thdot-dot-dashed curvehows steady state absor- 2 LA
bance scaled by a factor of 0.01. — antenna P700A, X — antenna P700 AX

Here antenna* denotes an antenna with electronic excita-
ttlon P700* denotes electronically excited P700 (or zwitte-
rionic "P7007), and X collectively denotes the remainder of
the electron transfer chain,;A Fy - Fpg. The lifetime for

the last step, which includes charge recombination, recov-
erlng original ground state PS | with open reaction centers
under dark conditions, is of course several orders of mag-
(Vrieze et al., 1992) and-370 cm * (Brettel, 1997). If nitude longer than the timescales considered here. Our ex-

S o . periments do not directly probe the kinetics of Ar the
PYO?dwere homgdmherlc (and th's. 'S ulnkncl)\llyn), Our"’1n"’llys'$r;on—suIfur centers, which do not absorb in the monitored
wou SUQQESt.t _att. € upper (_e>l<C|ton evel lies-&80 nm, spectral region. Solution of the kinetic equations for this
i.e., that the splitting is-410 cm *. However, such a simple scenario leads to the time-dependent populations
analysis does not consider the electrochromic effects of the
charged Chl on the spectrum of the neutral Chl in P700 Ny (1) = e Un
One of the key clues to early reaction center events in PS '

levels would be concentrated in the lower exciton level (a
~700 nm), which would then contain about twice the mo-
nomeric oscillator strengthu, 2. Schaffernicht and Junge
(1981) proposed instead that the P700 band is a superim
position of the upper and lower exciton levels, i.e., that the
exciton splitting is small compared to the bandwidth. Mo re
recent estimates for the P700 splitting aré50 cm

. . 2 (11— )7

| appears to be the 666> 690 nm experiment (Fig. 4), Nyt)=——e "+ —Un
where the probe wavelength coincides with the absorption (N P 17 MT T TiTs T T
growth peak in the long-time (P700- P700) difference ) = 3 s _ T,T3 o tin
spectrum (Fig. 3). The experimental kinetics of the (closed- (11— T)(T2 — 73) (11— 1) (12 — 75
open) absorption difference signal were fitted by T1T3 i/

i S p—— 1

AA(t) = 0.34 exi—1/9.5 pg — 0.47 ex—1/25.3 p$ 17 M2~ T3 T T2 @)
+0.13 exp—1/1100 p3g @)

whereN;,(t) is the population for the state [antenna* P700
where the amplitudes are in milliabsorption units. The long-A, X], N,(1) is that for [antenna P700* AX], and Ng(t) is
est-component lifetime is not well defined in the 200 psthat for [antenna P700A, X]. If the antenna kinetics at
time window of our experiment and is probably much this probe wavelength are not greatly affected by the P700
longer than 1100 ps. The ratio of amplitudes for the 25.3oxidation state, the components arising frdiy(t) would

and 1100 ps components is 0.47/0:23.6. This is close to cancel in the (open-closed) absorption difference profile. In
the ratio of amplitudes at 690 nm for the P700 (698.2 nm)our model, growth in the populatidd, causes photobleach-
and P700 (691.3 nm) Gaussian components in the P700 ing of the excitonic P700 spectrum, whereas growtiNin

- P700 steady-state difference spectrum, 0.043/0:0259.  causes absorption rise behavior in the monomeric Chl spec-
This suggests that the 666 690 nm (open-closed) differ- trum centered at 690 nm (due to buildup of P7ROFor
ence profile in Fig. 4c is largely a superimposition of timest short compared ta;, and whenr; > (1, 7,), the

Biophysical Journal 79(3) 1573-1586



Ultrafast Primary Processes in PS | 1583

populations reduce into with open reaction centers (Fig. 3). Hastings et al. con-
cluded that the Areduction and re-oxidation timescales are

— atn
Ni(t) = e both on the order of 20 ps under annihilation-free condi-
L S ST tions. Although our experiments suggest instead that the
Na(t) e e B s L e
T T, T (3) P700*A, —P700°A; step occurs with 10.2 ps kinetics,
N(t) = 1 — T2 el 4 71 ot they shed no light on the kinetics of the, A> A, electron
3 T, =T T, — T transfer. A very recent study by Brettel and Vos (1999),

who monitored absorption changes at 390 nm, suggests that
) R the overall upper limit to the timescale of Aeduction after
time equal to the shorter of{, 7,), and decays with Ilfet|m§ antenna excitation is-30 ps. (It should ftl)e cautioned that
qual to the ]onger ofrg, 2), .regardless of .the order in g4me of the absorption at this wavelength arises from an-
which these lifetimes appear in the mechanlsm. For €XaMfanna Chis, so that these experiments do not necessarily
ple, forry =20 ps andr, = 10 ps, which are similar to the 5516 the A kinetics from antenna processes.) Because
lifetimes 25.3 and 9.5 ps in Eq. 1, antenna excitation trapping at P700 requires some 20-25
N,(t) = exp(—t/20 p9 — exp(—t/10 p9 ps, this would imply that the rate of Are-oxidation is
comparable to or faster than thel0 ps Ay formation rate.
If the same numerical lifetimes appear in reverse order inThis would minimize its buildup and photobleaching signal.
this mechanism (i.e.r; = 10 ps andr, = 20 ps), the  Finally, our 9—10 ps lifetime represents an upper limit to the

It is important to recognize thad,(t) builds up with a rise

populationN,(t) becomes P700— A, electron transfer time, because the empirical
_ _ _ _ P700" absorption kinetics may encompass relaxation pro-
No(t) = 2[exp(—/20 p9 — exp(—~t/10 p3)] cesses (e.g., vibrational cooling) within P70@fter the
i.e., it exhibits the same rise and decay times (the samelectron transfer step.
shape), but with amplitude scaled by the factig(r, + ). An alternative model, one which attributes the 690 nm
Furthermore, the populatiolN,(t) is independent of the kinetics to a combination of fAphotobleaching and mono-
order in whichr, and 7, are assigned. The choicg = meric C690 absorption, can explain our data, but it would

20-25 ps is reasonable here, because it corresponds to ttefjuire independent assumptions. In this modej, i&
known antenna decay kinetics under annihilation-free conquickly reduced < 10 ps) upon excitation trapping at
ditions (Hastings et al., 1995; Savikhin et al., 1999; Fig. 3inP700. In the context of Eq. 3, the populatidNs and Ny

the present paper). The 666 690 nm (open-closed) dif- would represent the states P708, A, and P700 AgA;,
ference kinetics were fitted using Eq. 3, yielding the opti-respectively. The 9-10 ps kinetics would be attributed to
mized lifetimesr, = 22.6 ps and-, = 10.2 ps. The 22.6 ps the overall electron transfer process P7QpA4 — P700°
component stems from antenna excitation trapping at P70®, A7, not to the individual P700 A— P700°A, step.
The 10.2 ps step (which may correspond to the “4 ps'The ~23 ps kinetics would still correspond to antenna
kinetics observed by Hastings et al. (1994b) in their 590 excitation trapping at the reaction center. In this mechanism,
686 nm (open-closed) difference profile under lower signal/growth in the populatioMN, would cause a combination of
noise ratio) would then reflect the kinetics of the P766* PB rise in the broad P700 spectrum, PB rise in gn A
A, electron transfer, [P700* 4 — [P700" Aj]. We note  spectrum centered at690 nm, and absorption rise due to
here that the relative amplitudes of the components withmonomeric C690. Subsequent decay of populahkigrinto
lifetime 7, and 1, are fixed in the two-parameter model of N3 (during which Ay is reoxidized into 4) would cause
Eq. 3; i.e., there is no leeway for independently adjustingsubsequent PB decay across thgspectrum. The phenom-
the amplitudes to fit the 666—~ 690 nm (open-closed) enological “PB rise and decay times” observed at 690 nm
difference spectrum. The model predicts the experimentalvould be~9-10 and 20-25 ps, as is observed. Analysis of
amplitude ratio in Fig. 4 for these components to withinour absorption difference amplitudes using Eq. 3 shows that
20%, using the pertinent values of the Gaussian spectra famder this scheme, the absorption spectrum of unreduged A
P700 and P700 at 690 nm (Fig. 8). This suggests that would have to be nearly isobestic with that of the mono-
additional differential spectral changes (e.g., arising frommeric C690 species, with comparable absorption coeffi-
A, reduction/oxidation or changes in antenna kinetics) areient. In other words, the absorption differences caused by
not major contributors to the observed kinetics in the 660 creation of P700* 4 or P700° A, would be nearly the
690 nm experiment. (It also supports the assignments of theame, so that PB of they/Spectrum would be cancelled by
lifetimes 22.6 ps and 10.2 ps tn and 7,, respectively, the absorption of monomeric C690 within P700Subse-
instead of the reverse.) The 686 nmgy(A A,) difference  quent electron transfer to,Avould then cause PB decay in
spectrum reported by Hastings et al. (1994b) appears to bbe A, spectrum, which would then no longer mask the
due in part to the developing P70@hotobleaching spec- monomeric C690 absorbance.

trum (band maximum near 690 nm, cf. Fig. 8). This band Close inspection of the 738720 nm (open-closed) iso-
persists at long times in experiments on PS | complexesopic difference profile at early times (Fig. 6) indicates that
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this signal consists of (i) a small, prompt PB/SE componenpump-probe experiments excites pigments other than the
which decays with~6 ps kinetics (the error bounds for the special pair Chls; the remainder is deposited in P700.
latter lifetime are 3-9 ps due to noise) and (ii) a second, The 720— 680 anisotropy decay (Fig. 7) is particularly
larger PB/SE component that initializes to zero and formsnteresting, because its negative initial valfé) suggests
with 20-40 ps rise kinetics. The ratio of the respectivethe presence of mutually orthogonally polarized exciton
PB/SE amplitudes is-1:10, which is comparable to the components near 720 and 680 nm, arising from strongly
fraction of light absorbed by P700 at this excitation wave-coupled Chls. This anisotropy, already reported by Savikhin
length (preceding paragraph). Hence, we attribute thet al. (1999), is identical in PS | with open and closed
smaller component to SE of directly excited P700, whichreaction centers. A broad 714 nm absorption feature iden-
transfers an electron to Awithin ~9 ps. (This argues tified in the 4.2 K spectral hole-burning of PS | core
against the alternative model described above, in which theomplexes fromSynechocystisp. (Rasep et al., 2000)
initial P700— A, electron transfer occurs much faster thanlikely arises from a transition to the lower exciton compo-
10 ps.) The larger component arises at longer times as panent of strongly coupled, perhaps dimeric, Chls, which
of the red wing in the P700 PB/SE spectrum; its far largempossesses significant charge transfer character. It was spec-
amplitude derives from the fact that excitation placed in theulated in Savikhin et al. (1999) that the exciton components
more numerous Chls other than P700 at 718 nm ultimatelyiewed in the 718- 680 nm anisotropy may arise from the
results in bleaching of P700. We see no clear evidence a$pecial pair Chls. However, the fact that the anisotropies are
subpicosecond processes in any of the pump-probe expeiitdependent of reaction center oxidation state excludes this
ments pumped at 718 nm, even though a non-negligiblg@ossibility. These anisotropies are therefore due not to
fraction of the light at this wavelength is directly absorbedP700, but to other excitonically coupled Chls in the PS |
by P700. This, coupled with the relatively slow develop- reaction center-core antenna complex. The absence of anal-
ment of the monomeric P700absorption band near 690 ogous anisotropies attributable to the P700 exciton compo-
nm, indicates that electronically excited P700* does notnents may be a consequence of low oscillator strength in the
transfer an electron to Awith femtosecond kinetics. How- higher P700 exciton component.
ever, the initial charge separation itself (formifi@700
from P700*) would not necessarily cause additional absorp.
tion changes in this spectral region, and this may well be ah?'UMMARY
ultrafast trapping step. In a previously held scenario for the earliest reaction center
The relative contribution of the P700 band to the total PSevents (Hastings et al., 1994b), excitation trapping from the
| steady-state absorption spectrum at far-red wavelengthsntenna to the primary electron donor P700 occurs with
has always been difficult to assess, owing to the small PS20-25 ps kinetics under annihilation-free conditions. The
absorption coefficients fon > 700 nm. Order-of-magni- subsequent electron transfer step from P700 gasAnuch
tude estimates are afforded by our absorption differencéaster than this, so the formation of the radical pair (P700
profiles excited at 718 nm in open reaction centers (Fig. 6)A;) is essentially limited by the kinetics of excitation
The signal at long times is dominated at these wavelengthsapping from the antenna. Electron transfer to the second-
by PB/SE of the P700 band in the asymptotic (P760 ary acceptor A then occurs with~20 ps kinetics, which
P700) absorption difference spectrum. The ratio of the innearly coincides with the antenna trapping kinetics within
stantaneous signal (which arises from PB/SE of all Chlsexperimental error. This was not an unreasonable scenario,
absorbing at~720 nm) to the long-time signal (due to given the information available at the time.
residual P700 PB) in the 718> 720 nm profile for open We agree that antenna excitation trapping at P700 pro-
reaction centers is-8:1, implying that P700 accounts for ceeds with 20-25 ps kinetics (cf. Fig. 3). However, we
the order of~1/10 of the total absorption near 720 nm at believe that formation of the radical pair upon trapping is
room temperature. The remainder of the steady-state amot instantaneous on the experimental timescale. The pro-
sorption at that wavelength arises in part from the far-rectess that forms the radical pair (P708,) from the excited
Chls (the C714 and C708 Chlis; Gobets et al., 1994s&m primary donor state (P700* 4\ itself requires some 9-10
et al., 2000), and in part from hot-band absorption by bulkps. By comparison, the analogous electron transfer from the
antenna Chls absorbing at wavelengthg00 nm. By sim-  primary donor state to the bacteriopheophytin (which likely
ilar reasoning, P700 accounts ferl/25 of the total absorp- proceedwia an intermediate radical pgir+ B™; Zinth and
tion at 700 nm. (This is in accord with the statement byKaiser, 1993) is complete withir-3 ps in purple bacterial
Hastings et al. (1994b) that selective excitation of P700 igeaction centers. In photosystem II, the corresponding pro-
not possible in physiological PS | complexes.) Direct com-cess is formation of the radical pair P6@hed . As in PS
parison of the total steady state spectrum and the differendethe kinetics of this step are not easily separated from those
spectrum also indicates that the ratio of total to P700 abef other primary processes, such as energy transfer to the
sorbances at 710-720 nm 4810 (Fig. 2.) Hence, some reaction center core from surrounding pigments. The ma-
90% of the light absorbed at 718 nm in room-temperaturgority view of the charge separation rate in photosystem Il is

Biophysical Journal 79(3) 1573-1586



Ultrafast Primary Processes in PS | 1585

typified by Roelofs et al. (1991, 1993) and Schelvis et al.Brettel, K. 1997. Electron transfer and arrangement of the redox cofactors
(1994), who concluded that this occurs with 2-3 ps kinetics ™ Photosystem IBiochim. Biophys. Actal 318:322-373.
(as in purple bacterial reaction centers). However experi_BretteI, K., and M. H. Vos. 1999. Spectroscopic resolution of the picosec-

ond reduction kinetics of the secondary accepterirAphotosystem I.
ments by Klug and coworkers (Durrant et al., 1992, 1993; Fegs |ett447:315-317. i plenmpnotosy

HaStingS et al, 1992) Sf"ggeSt that a major fraCti_on of thQShang, C.-H., O. El-Kabbani, D. Tiede, J. Norris, and M. Schiffer. 1991.
Pheo electron acceptor is reduced witR0 ps kinetics. In The structure of the membrane-bound protein photosynthetic reaction
a time-resolved absorption study of photosystem Il from center fromRhodobacter sphaeroides. BiochemisB9:5352-5360.

' of the protein subunits in the photosynthetic reaction centrehaido-

well describeq l?y a 2.-4-p.S global component’l'(Muet al., pseudomonas viridiat 3 A resolution Nature.318:618—624.

1996)' Ina minimal kinetic model that eXpIamed many of Deisenhofer, J., and H. Michel. 1989. The photosynthetic reaction centre
their transient features, these authors assigned an effectiveirom the purple bacteriunRhodopseudomonas viridis. EMBO J.
rate constant of 120 ns (i.e., (8.3 ps)?) to the charge  8:2149-2169.

separation step. Since excitations in the photosystem [Pu, M., X. Xie, Y. Jia, L. Mets, and G. R. Fleming. 201. 1993. Direct

: ; : observation of ultrafast energy transfer in PS | core ante@am.
reaction center core were not believed to be localized on Phys. Lett201:535_542.

P680, it was conclut_jed that the |.ntr|nS|c charge sepa_trahoBu"am’ 3.R., G. Hastings, O. Hong, J. Barber, G. Porter, and D. R. Klug.
rate constant was higher than this by a factor-&. This 1992. Determination of P680 singlet state lifetimes in photosystem two
would bring the intrinsic charge separation rate for photo- reaction center<Chem. Phys. Lettl88:54—-60.

system Il in line with the time scale found in purple bacte-Durrant, J. R., G. Hastings, D. M. Joseph, J. Barber, G. Porter, and D. R.

rial reaction centers. Klug. 1993. Rate of oxidation of P680 in isolated photosystem two

L . reaction centers monitored by loss of chlorophyll stimulated emission.
The kinetics of the f — A, electron transfer, which are  gjochemistry32:8259—8267.

not reflected by our experiments because we see N0 €Viopets, B., H. van Amerongen, R. Monshouwer, J. Kruip, Mgk, R.
dence for an independent transient spectrum attributable tovan Grondelle, and J. P. Dekker. 1994. Polarized site-selected fluores-
(A6 _ AO)’ are still unknown. We do not believe that the 686 Ccence spectroscopy of isolated photosystem | parti@eschim. Bio-

. . phys. Actal1188:75-85.
nm spectrum that has been previously ascribed gp{A
P P y 0{Ad) Hasson, K. C. 1997. Time-resolved studies of the protein bacteriorhodop-

necessgrily arises from that species; this phepomenon arisegjn using femtosecond laser pulses. Ph.D. thesis, Harvard University,
at least in part from evolution of the monomeric 690 nm Chl Cambridge, MA.
feature in the long-time (P700- P700) spectrum. Hastings, G., J. R. Durrant, J. Barber, G. Porter, and D. R. Klug. 1992.

The apparent antenna kinetics may depend somewhat onObservation of pheophytin reduction in Photosystem Two reaction cen-
Sy . . ters using femtosecond transient absorption spectros&pghemistry.
the P700 oxidation state. A major 6.5 ps component arises 5;.7635 7647,

in global analysis of the PS | kinetics for closed reactionHastings’ G., E. A. M. Kleinherenbrink, S. Lin, and R. E. Blankenship.
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