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ABSTRACT. Picosecond transient absorption difference spectroscopy in the blue wavelength regien (380
500 nm) was used to study the early electron acceptors in photosystem |. Samples were photosystem |
core particles with about 100 chlorophylls per reaction center isolated from the cyanobacterium
Synechocystisp. PCC 6803. After excitation at 590 nm at room temperature, decay-associated spectra
(DAS) were determined from global analysis in the blue region, yielding two transient components and
one nondecaying componett 3 psdecay phase is interpreted as primarily due to antenna excited-state
redistribution. A 28 ps decay phase is interpreted as due to overall excited-state decay by electron transfer.
The nondecaying component is ascribed to the difference spectrupg@iie the quinone or Aelectron
acceptor (Po"A1~ — P700A1). Decay curves on the millisecond time scale at different wavelengths were
measured with an autoxidizable artificial electron acceptor, benzyl viologen, and kg P Prog)
difference spectrum was constructed. The (A~ Aj) difference spectrum was obtained by taking the
difference between the above two difference spectra. A parallel picosecond experiment under strongly
reducing conditions was also done as a control experiment. These conditions stabilize the electron on an
earlier acceptor, A The nondecaying component of the DAS at low potential was assigneégotoAR”

— P700Ao) since the electron-transfer pathway frorg & A; was blocked. The [(Bs"Ao™ — P7ooAo) —

(P706" — P700)] subtraction gives a spectrum, interpreted as thg (A Ao) difference spectrum of a
chlorophyll a molecule, consistent with previous studies. Tha (A A;) spectrum resolved on the
picosecond time scale shows significant differences with similar spectra measured on longer time scales.
These differences may be due to electrochromic effects and spectral evolution.

Cyanobacteria are oxygenic prokaryotic photosynthetic intrinsic reaction time calculated by assuming the trapping-
organisms that contain two distinct photochemical reaction limited case of antenna dynami@.(In isolated photosystem
center complexes: photosystem | and photosystem II. I, the chlorophyll excited-state lifetime actually observed is
Photosystem | is an irensulfur type of reaction center which  longer, about 30 ps, because most of the time the excitation
consists of the special pair of chlorophyllsed?and a series  resides on one of the antenna pigments instead of the special
of sequential electron acceptors, all bound to a large integralpair. This gives rise to an overall antenna decay of about 30
membrane protein complex along with about 100 antennaps, preceded by an energy redistribution phase of about 3
chlorophylls. The electron acceptors in this type of reaction ps (7—9). Both the special pair andfare thought to be
center have considerably lower redox potential than thosechlorophyll a molecules 10). The absorption difference
of purple bacteria, green non-sulfur bacteria, and photosystemspectrum due to (& — Ao) shows the spectral characteristics
II. The chemical makeup as well as the energy and electron-of (chl a~ — chl a) in vitro (11—16). It is generally accepted
transfer processes of photosystem | have been extensivelythat the secondary electron acceptari#\a phylloguinone
studied (—3). The structure of photosystem | from the molecule 8, 17—26). The electron transfer fromgA to A;
cyanobacteriunsynechococcus elongatuas been obtained  takes~20—30 ps (L6, 27). The electron transfer from o
at 4 A resolution 4, 5). the K iron—sulfur (Fe-S) center takes from 15 to 250 ns

The primary electron donor in photosystem joda pair (20, 21, 28, 29), with the longer times found in more intact
of chlorophyll molecules, accepts excitations from the systems.

antenna pigments. The initial electron transfer is from P The crystal structure of photosystem | fr@ynechococcus
to the primary acceptorfalso a chlorophyll molecule. From elongatuswas obtained &4 A resolution 4), in which the

there, the electron is tran;ferred to the seconglary accelOtorspecial pair, three Fe-S centers, and four additionalachl
A1, a molecule of phylloquinone, and on to the iresulfur

L . molecules (the primary acceptop And its symmetry-related
centers Ean+d EYB: The initial charge separation _frqm(f? chl a called Ay, as well as two accessory calmolecules
to form Proo"Ao~ is thought to take 2 ps. This is the 564 A and A) were clearly revealed. The crystal structure
* This work was supported by NSF Grant MCB-9727607 to R.E.B. also showed two positions where the electron density map

This is Publication No. 419 of the Center for the Study of Early Events Could possibly accommodate the two phylloguinone mol-
in Photosynthesis at Arizona State University. ecules (A and A/'), though they are not yet clearly
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distinguishable from aromatic side chains of amino acids. placed~50 cm from the container. The cells were harvested
(4). The phylloquinones have also been localized by EPR by continuous flow centrifugation when they turned dark
techniques 19, 30-36). A recent cystallographic study green in 3-4 days.

identified the phylloguinone pair and the individual plane  Sample PreparatiarThis part of the procedure was carried
orientations of them. One combination of the two @l  outat4°C. The harvested cells suspended in thylakoid buffer
molecules and the two quinones was found to have the closes{50 mM HEPES, pH 7, 5 mM MgGJ] 25 mM CaC}, 10%
correspondence with the pairg?A;~, based on the com-  glycerol, and 0.5% DMSO) were broken into thylakoid
parison of the cystallography data with the EPR d&ja (  membrane fragments by French press treatment at 20 000
Several methods have been developed to extract andpsi 3 times. Unbroken cells and large cell debris were
reconstitute the two phylloquinone®2, 37 38). Such removed by centrifugation at 4000 rpm for 4 min in a Sorvall
extraction and reconstitution experiments with either native SS-34 rotor. The resultant supernatant liquid was recentri-
or non-native quinones provide strong support for the fuged at 16 000 rpm for 20 min to pellet the membrane
assignment of A as a phylloquinone 3, 22, 37 38). fragments. The pellet contains the membrane fragments, and
However, both quinones can be extracted and reconstitutecthe supernatant liquid contains most of the phycobilisomes.
with these methods. One quinone is readily extracted without The membrane fragments were treated with the detergent,
considerable loss of the electron-transfer activity, but the 0.1% 3-DM (n-dodecyl$-maltoside), for 5 min and then
location of this quinone is not established. The available centrifuged at 800§ for 10 min to remove remaining
evidence is consistent with the view that only one of the phycobilisomes. The resultant pellet was stirred with 1%
two possible electron-transfer branches is active in photo- 5-DM for 1 h to release the photosystem | reaction center
system |, but it cannot be ruled out that both of the two complex from the membrane. Centrifugation of the mixture
potential branches are potentially activé, (5, 39. A after stirring at 800@ for 30 min leaves the photosystem |
symmetric electron-transfer pathway is probably the case incomplex in the supernatant liquid. The complex contains
green sulfur bacteria and heliobacterd,(41) which also about 100 chlorophylls per reaction center and some caro-
contain an iror-sulfur type of reaction center, but have a tenoid @, 44).

symmetric homodimeric protein core inferred to containtwo  To prepare samples for picosecond transient absorption

identical electron-transfer pathways. spectroscopy, the photosystem I-containing extract was
In this paper, a photosystem Il deletion mutant of the loaded on a sucrose density gradient ranging from 15% to
cyanobacteriun$ynechocystisp. PCC 6803, Psb DITDII -, 50% and centrifuged overnight (16 h) at 45@0@ielding

was used42, 43). The sample is a photosystem | complex three bands. The bottom band containing photosystem |
with about 100 chlorophylla per RC and also contains trimers was collected4d). The sucrose gradient ultracen-
carotenoid. The secondary electron acceptgr has no trifugation was omitted in some experiments with similar
measurable absorbance in the red spectral region where theesults. Samples for experiments under neutral redox condi-
chlorophylls absorb maximally, so it is necessary to detect tions were suspended in buffer containing 20 mM Tris-HClI,
it in the near-UV region where it absorbs. First, the difference pH 8.0, 20 mM ascorbate, and 4™ phenazine methosulfate
spectra of (RotA1~ — PoA1) and of (Roet — P) were (PMS) ©). For experiments under strongly reducing condi-
obtained. The difference of these two spectra gives what istions, samples were suspended in buffer containing 200 mM
interpreted to be the difference spectrum of (A- A;). The glycine, pH 11.5, 20 mM ascorbate, 200 PMS and then
(PzoctA1~ — Pzo0A1) spectrum was obtained by transient degassed. Sodium dithionite was then added to a final
absorption spectroscopy on a picosecond time scale, withconcentration of 30 mM. In both cases, the sample was
590 nm excitation under neutral redox conditions. Thgd(P loaded into a spinning cell with an optical path length of
— P70 spectrum was obtained by transient absorption 2.5 mm and a diameter of 18 cm. The absorbance of the
spectroscopy on a millisecond time scale, using a rapid sample was adjusted to :4.6 in the spinning cell at 678
autoxidizable electron acceptor, benzyl viologen. Theg (A nm, the peak of the (absorption band. The cell was rotated
— A,) difference spectrum has not been resolved on a at a speed of 2 revolutions per second.
picosecond time scale before, although data on the nano- SpectroscopyThe femtosecond time scale laser system
second time scale are available. As a control, we also did awas as previously describe@, @5). The sample was excited
similar picosecond experiment under strongly reducing at 590 nm with low intensity at room temperature. Briefly,
conditions, in which electron transfer to, As blocked by 1064 nm pulses from a mode-locked Nd:YAG laser were
prior reduction. This experiment gave what is interpreted to compressed, frequency-doubled, and then used to pump a
be the (A~ — Ao) difference spectrum, which agrees well dye laser. The 590 nm output pulses from the dye laser were
with the known difference spectrum of a chlorophyll further compressed te150 fs (fwhm) and amplified to 200
molecule. uJ per pulse with a repetition rate of 540 Hz. The amplified
pulses were split into two parts: one is the pump beam, and
MATERIALS AND METHODS the other beam is further split into the probe and reference
Cyanobacterial GrowthA photosystem Il deletion mutant  beams. The spectra were acquired over a 140 nm wavelength
of the cyanobacteriunynechocystisp. PCC 6803, Psb interval on a dual array multichannel detector (Princeton
DIC~/DIl~ (42, 43), was used for all experiments. Cells were Instruments models DPAA-1024 and ST121) with 0.14 nm
grown at 30°C in BG-11 medium in a 12 L glass container, per channel. Averaging resulted @ 2 nminterval between
aerated continuously. The medium was prepared from adata points. Results obtained from global analysis are
100xBG-11 stock, with phosphate, carbonate, and iron. After presented as decay-associated spectra (D83)g]. In all
autoclaving, 5 mM filter-sterilized glucose was add&l ( the measurements, the number of photons absorbed per
The container was illuminated by five 20 W fluorescent tubes reaction center was H 0.1, based on the bleaching
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absorption, the sample absorption, and the number of A oo1 — : — : ——
pigments per reaction center complex. i

Picosecond absorption difference spectra in the blue
spectral region were obtained with a wavelength resolution ]
of 2 nm, in a spectral window of 140 nr=f0 nm from the -0.005 )
center wavelength of 450 nm). The integration time for each < o, | PN /N
spectrum was 4 s, during which over 2000 laser flashes were LY -—4.‘—-— 25 ps
averaged. The repetition frequency of the laser flash was I ‘~..":e 10 ps
540 Hz. The time resolution of this series of spectra was -0.02 | : .
1.2 ps. A total of 100 spectra were taken (freri2 to 108 I )
ps). Each group of 100 spectra was converted to 1 experi- :
mental file, and 16 or more such files were averaged. Global % /== T e e e
analysis was then applied to the averaged file to give decay- Wavelength (nm)
associated spectra (DAS).

For the determination of the ¢®" — Proo) difference B oo | " 460 nm E
spectrum, the samples were suspended in the same buffer o005 | P E
as in the above neutral experiments (pH 8.0) containing about : :

1 mM ascorbate, kM PMS, and 2 mM benzyl viologen

(BV) (45). The absorbance of this sample was adjusted to :
1.0/cm at 678 nm. A transient absorption spectrophotometer  § 001 ¢ 737 N300 nm ]
was used for these experiments, as previously descritd ( -0.015 £ ';&\ E
The saturating excitation flashes (5 ns fwhm) at 532 nm were 002 b V / 420 nm E
provided by the frequency-doubled output of a Nd:YAG laser i ! I& ]

. it -0.025 | Iy 440 nm

(Surelite, Continuum). The probe beam was from a tungsten : y
halogen lamp and a monochromator (SPEX 1681). The light It P S S S SR

:’&1ps

enma L " e ags
"V Eahaal PO ¥

transmitted by the sample was focused onto a photomultiplier -20 0 20 Q. (pg)o 80 100 120

tube detector (Hamamatsu R-928). A time scale of 100 ms
was used, with a delay time between flashes e65%. A C
decay curve was obtained at each wavelength by averaging
the results of 100 flashes. All these curves were used to

0.004

0.002 -

construct the (Re" — Pzo0) Spectrum. 0
RESULTS 0002
-0.004
Picosecond Experiment in the Blue Region under Neutral
Redox ConditionsSamples were prepared, and time-resolved -0.008
absorption difference spectra were measured as described 0008 T S
under Materials and Methods. Spectra were first measured 380 400 420 440 460 480 500
in the 700 nm region and compared to previous dag), ( Wavelength (nm)

in which the nondecaying component has the typical double- Ficure 1: Data collected on the picosecond time scale of PSI core
negative peaks at 680 and 700 nm. The results agreed veryparticles in the blue wavelength region under neutral conditions at

: ; room temperature. (A) Time-resolved spectra. (B) Kinetic traces
well (data not shown) with results reported in referefie at several selected wavelengths. (C) Decay-associated spectra. Three

Figure 1 shows the results of the picosecond spectra incomponents are resolved. ND stands for nondecaying component
the blue spectral region under neutral redox conditions. Panelon this time scale.
A shows the time-resolved spectra at different times. The
maximum bleaching is at 440 nm, which decays and blue hondecaying component (solid line) was attributed to be the
shifts to 430 nm at later times. A bleaching shoulder at 420 difference spectrum of g8"A1~ — PsA4). It can be seen
nm also decays and blue shifts to 414 nm. An absorption from Figure 1 that the (Bo"A1~ — ProoA1) spectrum has a
increase was observed over 450 nm, the center of whichnegative band centered at 430 nm, a shoulder at 414 nm, an
evolved from 460 nm to around 470 nm. The 38®M0 nm isosbestic point at 448 nm, and a positive band around 470
region has a very small negative amplitude. Panel B showsnm with much smaller amplitude. All these features of the
the decay curves at several typical wavelengths. The globalnondecaying component are very consistent with the time-
analysis reveals three DAS components in panel C. Theresolved spectrum at later times. TheoPA1~ — ProoA1)
fastest one (dotted lingy 3 psdecay phase, was attributed spectrum used to do later subtractions was obtained from
to the antenna excitation redistribution process. The 28 psthe average of five such experiments. These experiments
component (dashed line) was interpreted as due to the overalivere done on different days with samples prepared in exactly
antenna decay to form ;itAo-, as discussed in the the same way. The error bars in Figure 1 are the standard
introduction. Under these experimental conditions of low deviation of the data obtained in the five experiments.
excitation intensity, the reduced primary acceptgdacays Millisecond Experiment in the Blue Region To Obtain the
faster (21 ps) than it forms (28 p9),(16), so there will not Difference Spectrum of (" — Pzo0). Experiments were
be a significant buildup of 4. In this case, the longest, done at room temperature to measure the difference spectrum
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avelength (nm) Ficure 3: Absorption difference spectrum of {A— A;) obtained

FIGURE 2: (Prog™ — Pro9) spectrum constructed from millisecond  on the picosecond time scale by subtractingsdP— Pso0) from
experimental data and compared to the same spectri@yracho- (Proo" A1~ — ProoAy).
coccusfrom reference2l.

of Psoo Oxidization. To accomplish this, a rapid electron
acceptor, benzyl viologen (BV), was added to the sample.
The artificial electron acceptor BV can accept electrons from

0.005

the reduced acceptor (probably kg and is quickly 0 \
reoxidized, so that state;ig8" is formed on the millisecond < i
time scale 46). Then Bys" was slowly (2-3 s) re-reduced <

to the neutral state by the tiny amount of added reductants  -0.005 |
(ascorbate and PMS) before the next flash. To ensure the
recovery of Rye" before the next flash, the delay time [
between flashes was-% s. Each decay curve was obtained 001
as an average of 100 or more flashes. The amplitude of the 280 00 20 " o0 50 200
absorbance change at 40 ms after the flash was measured Wavelength (nm)

from the decay curve, because at this time the absorbanCEhGURE 4: Decay-associated spectra on the picosecond time scale

change is almost entirely due to the,d®® — Prog) contribu- of PSI core particles in the blue wavelength region under reducing
tion, and has no contribution from BV This procedure was  conditions at room temperature. Three components are resolved.

carried out at each wavelength from 380 to 500 nm and from ND stands for nondecaying component on this time scale.

650 to 730 nm with steps of 2 nm. The difference spectrum

of (Pyos™ — Proo) versus wavelength was thereby constructed. Wavelength region under neutral redox conditions. Aleoo

Each time before spectra were measured in the 400 nmof the (Poo” — Prog) spectrum (denoted) was taken in
region, a measurement was taken at 700 nm. In the red regiorfhe same manner as the other data points used to construct
(data not shown), the difference spectrum has a negative peakhe (Froo" — Prog) spectrum. The subtraction was then carried
at 700 nm and a broad positive peak beyond 730 nm. Figureout by calculating (A~ — A1) = [(Pro0"A1™ — ProoA1) —

2 shows the (R¢" — Pyo0) spectrum (solid line) in the blue  (Proo” — Prog)(a/b)].

region with a comparison to data from a previous stuziy.( Figure 3 shows all three difference spectra. The (A

The error bars show the standard deviation of the data. ThereA1) spectrum (dotted line) shows a positive band from 416
is a negative band at 430 nm and positive bands above 4460 446 nm, centered at 435 nm. There is also a negative
nm and below 410 nm. The negative bands (bleaching) arebleaching band below 416 nm and a broad decrease above
due to loss of the absorbance cbfand the increases are 446 nm, but with lower amplitude. The error bars were
due to absorption by#". The band positions and isosbestic obtained in the same way as in Figures 1 and 2.

points agree well with the @" — P9 spectrum of Picosecond Experiments under Reducing Redox Condi-
Synechococcuffom reference2l. The two spectra were tions This experiment was done in the same way as under
compared by normalizing at the major bleaching band at 430 neutral redox conditions except with a reduced sample (see

nm. Materials and Methods). Under these conditions, the quinone
The (A~ — Ay) Difference Spectrum in the Blue Region acceptor is stably reduced, most likely as the doubly reduced
under Neutral Redox Condition®Vith both the (RystA1~ form. The transient state createdyd®Ao, is stable for 35

— PyoA1) and (Pos" — Prog) Spectra available, we can 50 ns @7, 48). The DAS also resolved three components
subtract the latter from the former to get a difference here (Figure 4) with virtually the same lifetimes as those
difference spectrum which is interpreted as the (A Aj) observed under neutral conditions (Figure 1). The first two
spectrum in the blue region. Because these two spectra weravere considered to be the same processes as those observed
measured on different samples at different concentrations andunder neutral conditions, because reduction is unlikely to
on different machines (see Materials and Methods for affect energy transfer events. The nondecaying component
details), it is necessary to normalize them before subtraction.(solid line) was interpreted as the difference spectrum of
The amplitude of the absorption change at 700 WAz (P700"Ao0™ — P700A0). Several features of this spectrum can

of the (Pos"A1~ — P700A1) spectrum (denoted’) was taken be seen: a broad negative band around 420 nm; a positive
from the nondecaying component of the DAS in the red band from 446 to 500 nm.
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spectrum (dashed line) calculated from theogPA1~ — ProoA1)
spectrum, and the ¢ — P7o0) Spectrum (not shown here), which

650 660 670 680 690 700

Wavelength (nm)

Ficure 5: Absorption difference spectrum for §A— Ao) resulting
from the experiments under reducing conditions (solid lines)
compared with the same spectrum in spinach from referadce =~ Were redrawn from referenc0. The lower panel also shows the
(dashed lines) in both the blue wavelength region (upper panel) (A1~ — A1) spectrum (dotted line) from another study, reference
and the red wavelength region (lower panel). The lower panel also -

shows the comparison with the same spectrum from refergéce
(dotted line).

710 720 730

Two positive bands were observed: one around—<5D
. nm with very small amplitude (one-fourth of the 420 nm
To make sure tha}rd'th'on'te indeed reduces the acceptorshegative band) and the other above 696 nm. All these features
as expected, the (" — Prog) decay kinetics of the sample  are very similar to the (4 — Ao) difference spectrum of
on the millisecond time scale were checked on the milli- gpinach from reference4 except that the negative band of
second spectrophotometer each time before the femtosecongr (o,- — A,) difference spectrum in the blue region is 10
experiment. For a neutral sample, the decay time was overnm or |ess shifted to the blue and that in the red region is 2
30 ms, while for a reduced sample with dithionite it was nm shifted to the blue. The (A — Ao) difference spectrum
less than 1 ms, which was beyond the resolution of the i the red region from referencts comes from the same

millisecond machine. Also, picosecond spectra in the 700 species as ours. It is essentially identical to our spectrum.
nm region were obtained and compared to earlier work that

shows a single broad negative peak at 680 nm and a smallp|SCUSSION
shoulder around 695 nni).

The subtraction of (Be" — Pzoo) from (Proo" Ao~ — ProoAo) The (Poo"A1™ — ProAs) difference spectrum has been
was carried out to obtain the §A— Ao) difference spectrum  resolved in previous studies, but only on much slower time
in a manner similar to that described above. ThgdP— scales. For example, it was obtained at 10 K wjth~ 150
Proo) millisecond spectrum in Figure 2 was used, and S charge recombination in spina@0). The (Foo" — Proo)
correction was made to account for differe®f;q, values spectrum of spinach at room temperature was also resolved
of both the picosecond spectrum and the millisecond earlier @9). The difference of these two should be the (A
spectrum. The result is shown in Figure 5 (top panel, solid — A1) difference spectrum, although it was not plotted
line). This spectrum was also extended to the red region anddirectly in the paperZ0). The lower panel of Figure 6 shows
compared to results from previous studies (bottom panel, the (A" — A1) spectrum (dashed line) calculated from the
dotted line and dashed line)4, 16). In the red region, the  (Prooc"A1~ — PsooA1) spectrum and the (" — Poo
nondecaying component of the picosecond spectrum underspectrum (not shown here) which were redrawn from
neutral conditions [which is due to only 48" — P reference 20. Specifically, the (A~ — A,) difference
contributions] was subtracted from that under reducing SPectrum so obtained is positive in the 430 nm band, around
conditions [which is (Rg"As~ — PsodAo) contributions]. A 485 nm, from 340 to 410 nm, around 295 nm, and is probably
small correction was made to account for differences in also positive around 245 nm. It is negative around 455, 325,
sample concentration. The {A— A,) difference spectrum  and 270 nm (our Figure 6, r0).
has two negative bands, a broader one at 420 nm and another Both our (A~ — A,) difference spectrum (Figure 3) and
at 688 nm, and the ratio of their amplitudes is 1:(1168). the spectrum in referen@9 exhibit significant differences
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with the (PhyQ — PhyQ) spectrum in vitro, which is shown Since we excited the sample at 590 nm, which is far away
in the upper panel of Figure 6. By comparing the(PA1~ from the major absorption band of carotenoid (4482 nm),
— P70A1) and (Poot — Prog) Spectra, we noticed that only  the carotenoid will not be excited. However, the carotenoid
from 420 to 440 nm can the (A — A;) spectrum have an  may experience a spectral shift upon charge separation due
amplitude big enough to be undoubtedly positive, while in to an electrochromic effect. Unfortuately, the locations of
the two flanking portions (from 410 to 420 nm, and from the carotenoids are not yet resolved in the photosystem |
440 to 450 nm), the (A — A,) difference spectrum has structure.
almost zero amplitude. The positive band of this spectrum  Our data were quite reproducible. However, there were
in vivo (20) is not as broad as in the (PhyQ@- PhyQ) spec- still some factors leading to possible experimental errors.
trum in vitro, and there seem to be significant spectral shifts. The picosecond experiments and the millisecond experiments
In our (A, — A,) difference spectrum, the negative were done with different sample concentrations on different
amplitude extended down to 380 nm, centered at 395 nm.instruments. Also, the sample was not light-saturated (each
The (Ac~ — Ay) difference spectrum has a positive band from RC trapped about 1 photon) in the picosecond experiments,
420 to 446 nm, centered at 434 nm, which perhaps can bewhile it is saturated in the millisecond experiments. This
attributed to an absorption increase due to the reduction ofdifference is taken into account by doing the normalization
Ai. In some other studies, a positive band is observed atbased onAAzq in both experiments, but does represent a
375 nm @1) or 380 nm, although it is difficult to know if  difference in the two experimental designs. The picosecond
this band has the same origin. The difference in band and millisecond experimental setups and time resolutions
positions between our data and those from other studies waswere very different, and a large#8" — Pyoq) signal is being
attributed to the effect of different protein environments [our subtracted from the @& A1~ — PzooA1) spectrum which has
data inSynechocystiare all at room temperature, phyllo- a relatively weak signal-to-noise ratio.
quinone in vitro; R0) in spinach at 10 K; and2) in An assumption implicit in our experiments is that the
Synechococcuat room temperature]. Also, the subtraction (P,ost — Pyq) difference spectrum measured on the milli-
we have done for the data in referer@@is based on the  second time scale is the same in the blue region as the (P
assumption that the ¢B&" — P spectra at 10 K and at  — Py) difference spectrum measured on the picosecond time
room temperature are the same, since thge(P— Psoo) scale. Previously, we showed that this is true in the red
spectrum at 10 K was not available. This assumption is not spectral region, where only the electron donors absb@p (
strictly correct, so some distortion is to be expected in this (Figure 5). This gives us some confidence that thgs(P-
spectrum. Pz00) spectrum in the blue region is also not time-dependent.
For the 456-500 nm region, the previously reported;(A Overall, in this study the (& — A;) spectrum has been
— A1) spectrum does not overlap very well with the (PhyQ  successfully constructed on the picosecond time scale for
— PhyQ) spectrum in vitro. The in vitro data have an almost the first time. After this work was completed, we became
constant but very weak positive change here (Figure 6, upperaware of a similar study by Brettel and Vds3{. The (A~
panel), while the spectra derived from referenzésind21 — A;) spectrum was not reported in this reference, but the
have both positive and negative features here. The-450 difference spectrum that they interpret as due t@¢(R;~
500 nm region in our spectrum has a small negative — P,,A;) is generally very similar to our spectrum of the
amplitude (Figure 3). This variation may be due to an same state, although there are some differences, especially
electrochromic influence induced by the charge gf.ASome  in the wings of the spectrum. In addition, the spectrum
previous data, like referencgl (shown in our Figure 6, interpreted as due to {R"A¢~ — ProdAo) is similar to our
bottom panel), have a large negative band at 450 (from 440difference spectrum due to phototrapping (27 ps spectrum
to 470 nm). Considering the fact that oxidized phylloquinone in Figure 1C), but very different from our {RA," —
absorbs very weakly above 360 nm, they proposed thep,yA,) spectrum (ND spectrum in Figure 4), which is
electrochromic red shift of a carotenoid may be responsible obtained under defined redox conditions and verified by
for this absorbance chang2lj. parallel measurements in the red spectral region. For these
As to the 480 nm increase observed in thg (A~ Aj) reasons, we think that the 30 ps kinetic phase reported in
spectra in reference0 and 21, it is observed that our  referencés3 mostly reflects the trapping of excitations, rather
(Proo"A1~ — ProoAq) difference spectrum has its positive band  than the A~ —A; electron-transfer process. However, other
shifted to 470 nm. Since we are subtracting a normalized work indicates that this electron-transfer process does have
(P700" — Pro0) signal from the (R"A1~ — ProcA1) spectrum  approximately this time constant3, 16, 54).
which has a weak signal/noise ratio, it is not surprising to
get the shift of this small positive amplitude here. Also, in ACKNOWLEDGMENT
reference 20 the data were normalized at a different

wavelength. They are based on the assumption that the We thank Dr. Alexander Melkozernov for helpful discus-
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