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ABSTRACT. In this paper, we present the first time-dependent measurements of flash-induced infrared
difference spectra of photosystem II (PSII) using Fourier transform infrared (FTIR) spectroscopy. With
this experimental approach, we were able to obtain QA ~/Y zQa vibrational difference spectrum of
Tris-washed, PSll-enriched samples in the absence of hydroxylamine at room temperatttr2 {035,

with a spectral resolution of 4 cthand a temporal resolution of 50 ms. In order to determine the dominant
species in the FTIR spectrum at a particular point in time after an excitation flash, the decay kinetics of
Yz**and Q- were independently monitored by EPR and chlorophylluorescence, respectively, under

the same experimental conditions. These measurements confirmed that the addition of DCMU to Tris-
washed PSIl samples does not significantly affect th& decay, but does substantially slow down the

Qa~ decay. By making use of the difference in the decay kinetics using DCMU, théQR signals

could be separated from the;%/Y; signals and a pure Q/Qa difference spectrum obtained. By
comparison of the ¥°*Qa~/Y zQa difference spectrum with the purexQQa difference spectrum, a large
differential band at 1706/1699 crhcould be identified and associated with ¥xidation. In contrast, an
intense band at 1478 crh whose DCMU-sensitive decay follows the Qdecay based on the chlorophyll
afluorescence measurements, was present in all of the time-resolved spectra. Since no significant reversible
Chl* radicals could be detected by the EPR measurements under our experimental conditions, we confirm
that this band most likely arises only from the semiquinone anign [Berthomieu, C., Nabedryk, E.,
Mantele, W., & Breton, J. (1990FEBS Lett 269, 363—-367].

Photosynthetic water oxidation occurs in photosystem Il In addition to Y, PSIl has another redox-active tyrosine
(PSII} of plants, algae and cyanobacteria. Among its over residue, %. Both oxidized tyrosine residues give rise to
25 protein subunits, the D1 and D2 proteins of PSIl form EPR signals with very similar line shapes [for reviews, see
the reaction center (RC) and are believed to bind most of Barry (1993) and Hoganson and Babcock (1994)]. It is
the prosthetic groups involved in electron transport leading believed that both ¥* and Yp** are neutral radicals with
to water oxidation [for a review, see Debus (1992)]. In PSII, the phenolic oxygen deprotonated (Barry & Babcock, 1987).
the primary charge separation event is initiated by the EPR studies of site-directed mutants in the cyanobacterial
absorption of a photon bysR, the photoactive chlorophyll ~ Synechocysti®CC 6803 have revealed that ¥ Tyr-161
a molecule located in the RC. The excitegh® transfers ~ 0f the D1 protein and ¥'is Tyr-160 of the D2 protein (Debus
one electron to a bound pheophytin molecule, forming the €tal., 1988; Metz et al., 1989; Vermaas et al., 1988). Despite
Psss"Phe radical pair in a few picoseconds (Schelvis et al., Similar EPR signals, ¥* and Yo have dramatically
1994). The charge separation is further stabilized by the different functions and decay kinetics. It is known thag Y
subsequent rapid electron transfer to the primary acceptoriS not directly involved in electron transport leading to water
plastoquinone @ and then to the secondary acceptor OXidation since ¥%-deletion mutants still can grow photo-
plastoquinone @ Oxidized Rsg* is reduced by a redox- autotrophically (Debus et al., 1988; Vermaas et al., 1988).
active tyrosine residue ¥and Y, in turn oxidizes a cluster In intact PSII, Yo% is dark-stable for hours, while the decay

of four Mn ions which catalyze water oxidation through the ©f Yz occurs in the microsecond range and isstate-

cycling of five intermediate states (&herei = 0—4). dependent (Babcock & Sauer, 1975b; Dekker et al., 1984).
Removal of the Mn cluster slows down the% decay to

the millisecond regime and exposes®Yto exogenous

* To whom correspondence should be addressed. reductants such as ferrocyanide (Babcock & Sauer, 1975a;

*Research School of Biological Sciences, Institute of Advanced . .
Studies. Ghanotakis et al., 1982; Yerkes & Babcock, 1980). Removal

§ Department of Chemistry, Faculty of Science. of Mn also results in the direct oxidation OfDYDy Psso"

@ Abstract published irAdvance ACS Abstract#ugust 15, 1997. (Debus et al., 1988).

1 Abbreviations: Chl, chlorophyll; DCMU, 3-(3,4-dichlorophenyl)- .
1, 1-dimethylurea; DMSO, dimethyl sulfoxide; EPR, electron para- On the acceptor side of PSII,xxcts as a one-electron
magnetic resonance; TR-FTIR, time-resolved Fourier transform infrared; acceptor, while @ acts as a two-electron gate. Upon

Mes, 2-(N-morpholino)ethanesulfonic acididg primary electron donor i ;
of PSII; PSII, photosystem II; Q primary plastoquinone acceptorgQ receiving two electrons, Qis protonated as &M and

secondary plastoquinone acceptor; RC, reaction center; Tris, tris- '€Placed by another pl?‘Sthuinone molecule from the PQ
(hydroxymethyl)aminomethane;py tyrosine D; Yz, tyrosine Z. pool. A non-heme F¥ interacts between Qand Q. In
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the absence of DCMU, the non-heme?F@n PSII can be
oxidized by ferricyanide, and the oxidized non-hemé'Fe
is reduced by @ on a microsecond time scale (Bowes et
al., 1979; Ikegami & Katoh, 1973). The risetime for the
oxidation of the non-heme Feis much longer with a half-
time of ~20 s in Tris-washed PSII at pH 8 (Hienerwadel &
Berthomieu, 1995).

FTIR difference studies have been carried out to investi-
gate vibrational properties upon the photoreduction gf Q
and photooxidation of ¥. The light-induced FTIR differ-
ence spectrum of £/Qa in PSII was first characterized by
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in Tris-washed, PSll-enriched samples at room temperature
in the absence of hydroxylamine.

MATERIALS AND METHODS

Sample Preparations.PSll-enriched membranes were
prepared from hydroponically grown spinach with Triton
X-100 treatment as described earlier (Berthold et al., 1981).
The steady-state oxygen-evolving activity of the prepared
PSll-enriched membranes was 58810xmol (mg of Chl)*
h=tin the presence of 1 mM ferricyanide and &0 PPBQ
at 25°C. The oxygen-evolving capacity was destroyed by

Berthomieu et al. (1990). The spectrum was obtained after treatment with Tris at 0.5 M (pH 8.0) concentration in room
1 s continuous illumination of PSII samples in the presence |ight for 15 min at 4°C. The treated PSIl samples were

of NH,OH and DCMU. The rapid reduction of,¥ by NH,-
OH and the blockage of electron flow fromaQto Qs by
DCMU allow Qa~ to be stable for hours, which enables
sufficient time for signal averaging. On the basis of FTIR
measurements of quinone redox reactionatro (Bauscher
et al., 1990), an intense band at 1478 ¢nm the Q. /Qa
difference spectrum was tentatively assigned tou{@O)
mode of the semiquinone anion,Q (Berthomieu et al.,

then washed and resuspended in a buffer medium containing
40 mM Mes and 10 mM NacCl (pH 6.0). 10 mM potassium
ferri/fferrocyanide (ratio 1/1) was added to the sample
suspension followed by ultracentrifugation at 1009®06r

15 min to form a solid pellet. In the case where electron
flow from Qa to Qg is blocked, 0.1 mM DCMU dissolved

in DMSO was added to the sample suspension after Tris
washing (final concentration of DMSO is-1%) and

1990). In support of this assignment, this band was found to incubated for 10 min in the dark followed by ultracentrifu-

be insensitive td°N-labeling of spinach PSII (Berthomieu
etal., 1992). The assignment of the 1478 ¢dnand solely

to the v(CO) mode of Q- was, however, questioned by
MacDonald et al. (1995) since a slowly-decaying Chl
radical was observed ir5% of the PSIl RCs in the presence
of NH,OH under continuous illumination at9 °C. More-
over, the 1478 cmt band was downshifted by 2 crhin
global'*N-labeled PSIl samples fro@ynechocystisp. PCC
6803. Thus, it was argued that the 1478 éinand contains
contributions from Chi radicals as well. Recently, Hien-
erwadel et al. (1996) reinvestigated the @a spectrum
using flash excitation and confirmed under their conditions
that the 1478 cm' band arises only from . Likewise,
the 1478 cm! band was also observed in theQa/S;Qa
difference spectrum obtained at low temperature (250 K) in
the absence of N¥DH (Noguchi et al., 1992). In addition,
discrepencies also exist as to the infraredsignals. It has
been suggested that th¢C—0) mode of ¢ contributes

at 1477 cm? (Bernard et al., 1995; MacDonald et al., 1993),

gation in the presence of 10 mM ferri/ferocyanide.

FTIR MeasurementsTransient infrared spectra of PSII
samples after photoexcitation were recorded on a Bruker IFS
66 spectrometer equipped with a liquid nitrogen-cooled
MCT-B detector and a KBr beam splitter. The FTIR
spectrometer was set up in a rapid scan mode. Under the
optimal S/N condition, a scanner velocity of 2.53 cm/s was
used, which yielded a time resolution of 50 ms per inter-
ferogram at 4 cm! resolution. The spectra were reproduc-
ible to &1 cnTl. After a single saturating flash, a train of
seven infrared transient spectra were recorded on the single
side of the interferogram. The dark spectrum was measured
120 ms before the photoexcitation and used as a background
spectrum to construct the final difference spectrum. Since
the time interval between the dark and light spectra was short,
variations arising from the light source and slowly-changing
environmental factors were largely suppressed. To further
improve the S/N, the process was cycled with a flash
frequency of 0.2 or 1 Hz, as designated in the text. The

while it was argued that this band may be contaminated by final spectrum was averaged over 4000 scans. The entire

the Q.~ signal (Hienerwadel et al., 1996). Thus, the band
assignments with regard to bothh@nd Yz remain incom-
plete, in spite of a number of investigations.

So far, almost all FTIR difference studies on light-induced

measurement took1.1 h at 1 Hz flash frequency aneb.5

h at 0.2 Hz flash frequency. The timing for each trace and
for synchronization between data acquisition and photoex-
citation was controlled by an internal clock with an accuracy

reactions in PSII have focused on static measurements wher&®f 1 us. A typical timing sequence for one cycle is shown
experimental conditions are used to photoaccumulate onein Figure 1.

dominating species. As to the infrared decay kinetics of Q
and Yz, little information is available. In an earlier work,
Hienerwadel et al. (1992) studied the decay kinetics of Q

Photoexcitation of the PSII samples was provided by a 5
us (FWHH) xenon flash lamp which was triggered by a TTL
pulse from the FTIR spectrometer. An optical fiber was used

by a monochromatic IR technique, where the decay of only as a light guide for excitation of the PSIl samples directly
one spectral band was obtained. In contrast, however, TR-in the sample chamber. Infrared radiation from the xenon
FTIR spectroscopy is a broad-band technique and has theflash lamp was filtered out using a short-pass infrared filter
advantage of obtaining the time-dependence across a widgOCLI). Three saturating preflashes, spéides or 5 swere
spectral range, which can be used to kinetically discriminate given to the PSII samples prior to data acquisition in order
redox intermediates. For example, Thibodeau et al. (1990)to reduce the non-heme ¥eand to oxidize ¥ that may
used TR-FTIR spectroscopy to study the decay kinetics of have formed during the dark period of sample handling.

redox intermediates in the bacterial RCs fr&h. sphaeroi-
desfollowing a short continuous illumination. In this paper,
we use TR-FTIR spectroscopy for the first time to investigate
the single flash-induced2*Qa~/Y zQa difference spectrum

A part of the PSII pellet sample was deposited and sealed
between two CafFwindows. The absorbance at the amide
| band (1657 cm!) was adjusted to be-0.75 AU. A Ge
filter (OCLI) was placed in front of the sample chamber to
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Ficure 1: Schematic diagram of TR-FTIR timing for one measur- M
ing cycle where t1, t2, and t3 represent the time resolution, the
time interval between two consecutive traces, and the waiting period : ' . L .
(1 or 5 s) for closed reaction centers to recover, respectively. 0 1 2 3 4 5
Time (s)
block out the red HeNe laser beam. All roneasurements Ficure 2: Flash-induced chlorophydl fluorescence decay kinetics
were performed at room temperature &6 °C). of Tris-washed PSIl samples in the presence of 10 mM ferri/

EPR MeasurementsRoom temperature EPR measure- ferrocyanide at pH 6.0. (A) Minus DCMU; (B) plus 0.1 mM

ments were performed at x-band on a Bruker ESP 9008 2 L ol e e I samples pror 10 data
. . . an

spectrometer equipped with a TM101 cavity. A part of the acquisition? Insets: the sig%als were measured ﬁl a ghorter time
same PSIl sample used for the FTIR measurement Wasregion with instrumental time constants of 2. Each spectrum
deposited on a tissue cell to obtain the EPR spectrum. Foris an average of three traces.
kinetic measurements of signal (EPR Yz°% signal in Tris-
washed PSII), a xenon flash lamp 45, FWHH) was used
to excite the PSIl sample in the cavity, while a slide projector
was used as a continuous light source to obtain the EPR
signals. The Y**kinetics were measured from the downfield
peak of signal § (EPR Yp°* signal) as described by
Razeghifard et al. (1997).

Chlorophyll a Fluorescence MeasuremenEash-induced

various electron pathways in PSII will then lead to the decay
of the chlorophylla fluorescence intensity.

Figure 2 shows the single flash-induced chloroptwyll
fluorescence decay kinetics of Tris-washed PSIl samples in
the presence of 10 mM ferri/ferrocyanide at pH 6.0. In the
absence of DCMU (Figure 2A), about 94% of the signal
decays withn 1 s after the flash. By contrast, in the presence

chlorophyll a fluorescence decay kinetics of PSIlI samples of DCMU (Figure 2B), the flucrescence decay is significantly
were rﬁe)z;sured at room tem eré\ture on a PAM 101 pulse_slower. In this situation, approximately 55% of the signal
P P decays withm 1 s after the flash. According to the

gs?ﬁgatgglfllqu%rr?glztsg ?122;?;2gr1stirwazsc::aszgtp£ uosr?iﬂuorescence decay recorded on a longer time scale (data not
; P shown), about 91% of the PSII RCs decay withi s after
glass plate and placed in the sample chamber. Weak

o ) . the flash excitation.
monitoring flashesA(= 650 nm, lus duration) were applied EPR was used as an independent method to monitor the
at 1.6 kHZ' The saturating actinic flash (35, FWHH) decay kinetics of signal 1l in the same PSIlI samples used
was profvllded b;r/]axinon dflagh ngmp filtered through ade)hOtt for the FTIR measurements. Figure 3 shows the spectra of
BG-18 filter. The photodiode detector was protected by a ; : .
RG-715 filter. Data acquisition and flash-triggering were the signal Il region of Tris-washed PSII samples under

controlled by a PC computer using a DA-100 data acquisition continuous illumination. In the absence of DCMU (Figure
y -omp 9 X . R 3A), continuous illumination of PSIl samples generates both
system. Three actinic preflashes were given in the sample

chamber orior to data acquisition Yz%*and Yp%*. The amplitude of signal Il in the light (trace
P q ' a) is about 1.5 times larger than that measured 10 s after

RESULTS AND DISCUSSION illumination (trace b), which indicates the generation of the
Yz radical under continuous illumination. The fast decrease
Characterization of ¥* and Q.~ Decay Kinetics Chlo- in the signal amplitude following illumination represents the

rophyll a fluorescence measurements provide a convenient,rapid decay of ¥°* in the dark. The subsequent slow
noninvasive method for monitoring the population of Q decrease in the signal amplitude (traces ¢ and d) is due to
In the dark, the level of the chlorophydl fluorescence is  the decay of ¥, which has a half-time of a few tens of
low due to the quenching effect 0fxQ After photoexcitation, minutes. In the presence of DCMU (Figure 3B), thg®Y

the chlorophylla fluorescence rises to a maximal level as signal is almost inhibited due to the photoaccumulation of
the Yz°*PssQa~ sState is formed. Reoxidation of \Q via inactive state YPssdQa~ under continuous illumination
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L L A observable in the presence of DCMU (Figure 4B) due to
the reoxidation of @~ between flashes. In the presence and
absence of DCMU, the signal Il decay is biphasic. The fast
and slow components represent the decay 6f and Yp%%,
respectively. Analysis of the fast decay kinetics gives half-
times of 110 and 95 ms in the absence and presence of
DCMU, respectively, indicating that DCMU has relatively
little effect on the Y,°* decay.
In Tris-washed PSIlI samples, the reduction gP*and
the reoxidation of @~ basically involve two processes: (1)
3460 3480 3500 3520 3540 3460 3480 3500 3520 3540 charge recombination betweeny? and Q" in a fraction
Mangetic field (G) Magnetic field (G) of PSII RCs and (2) redox reactions with exogenous electron
FicURe 3: Room temperature EPR signal Il spectra under continu- @cceptor and donors in the rest of PSII RCs. With DCMU
ous illumination in Tris-washed PSII samples in the presence of present, reoxidation of £y by ferricyanide is slower than
10 mM ferri/ferrocyanide at pH 6.0. (A) Minus DCMU; (B) plus  without DCMU present as revealed by the variable chloro-
0.1 mM DCMU. Traces: a, in light; b, 10 s after light; ¢, 5 min  phyil 5 fluorescence measurement (Figure 2). This differ-

after light; d, 60 min after light. Experimental conditions: micro- . S
wave power, 4 mW: modulation amplitude, 4 G; modulation €MC€ May arise from the fact that the; Qite is more

frequency, 100 kHz; microwave frequency, 9.8 GHz. accessible to the exogenous oxidants than thei@. Itis
known that the @ site is situated in a more polar and surface-

' ' ' T exposed environment than the Gite (Ruffle et al., 1992),

which may allow more efficient electron flow to ferricyanide.
The slow reoxidation of @~ by ferricyanide in the presence
of DCMU could result in a fraction of PSII RCs closed under

high flash frequency. Thus, to ensure most of the PSII RCs
00 01 02 03 04 05 turn over during FTIR measurements, we used 0.2 Hz flash
Time frequency for DCMU-treated PSIl samples. When DCMU
is absent, there is a tradeoff between flash frequency and
prevention of the non-heme iron oxidation by ferricyanide.
In this casea 1 Hzflash frequency was used sine€4%
0 1 > 3 4 of the PSII RCs are open (Figure 2A) and the oxidation of
the non-heme iron is negligible withil s after photoexci-
tation (see below).
' ‘ ' ' Analysis of TR-FTIR Difference Spectraihe FTIR kinetic
difference spectra arising from the%Qa /Y z;Q, state are
shown in Figure 5. The spectra were measured in the
presence of 10 mM ferri/ferrocyanide and 0.1 mM DCMU

A

T T with 0.2 Hz flash frequency. Under these conditions, neither
00 01 02 03 04 03 will Y p contribute to the difference spectra because of its

Time (s)

slow turnover nor will Bgp and Phe contribute because of
their fast decay on the microsecond scale. The flash-induced
difference spectrum should thus contain only contributions
| | | | from Yz and Q and/or any other protein side chains and
0 1 2 3 4 protein backbones perturbed by the photochemical reactions
of Yzand Q.. The positive and negative bands in the spectra
] o . correspond to the absorptions related to th&®,~ and
Ficure4: Room temperature EPR signal Il decay kinetics of Tris- Qa states, respectively. Ferrifferrocyanide has no con-
washed PSII samples in the presence of 10 mM ferro/ferricyanide , % <A L .
at pH 6.0. (A) Minus DCMU; (B) plus 0.1 mM DCMU. Experi- _ tributions in the spectral region between 1800 and 120G:.cm
mental conditions: microwave power, 100 mW; modulation  As shown in Figure 5 (inset), the characteris{€N) ferri/
amplitude, 4 G; modulation frequency, 100 kHz; microwave ferrocyanide absorptions at 2116 and 2040 tare observed
frequency, 9.8 GHz; time constant, 10 ms. Averaged over 50 tracesafter excitation, indicating that electron transport indeed
\éwth 5 s between flashes. Insets: the decay kinetics are shown oNyccurs in the PSII sample during the FTIR measurements.
xpanded time scales. . o .
The net level of ferri- and ferrocyanide is determined by the

(Ghanotakis et al., 1983). The observed signal in the light rate of Yz°* reduction by ferrocyanide and the rate of Q
(trace a) mainly arises fromp?*. Under this condition, the  oxidation by ferricyanide. The positive band at 21167¢m
decay of Yo is also slow. In both cases, no signals due to and the negative band at 2040 cnindicate that the rate of
reversible Cht radical formation are obvious. A dark-stable Y *reduction is faster than the rate of Qoxidation, which
radical is, however, observed after long dark-adaptatie0( is consistent with the fluorescence and EPR measurements
min). This radical does not contribute to the FTIR difference under these conditions (Figures 2 and 4). For the time
spectra which are recorded during a fast photocycle (0.2 ordomain used for recording trace a, there should be more than
1 Hz). 80% Yz°*and Q~ present (Figures 2 and 4). Thus, trace a

Figure 4 shows the signal Il decay kinetics measured on is attributed to the ¥°*Qa~/Y zQa difference spectrum. The
the downfield side of signal JI In contrast to continuous  prominent feature of trace a in Figure 5 is the intense positive
illumination, under the flash excitation, the;% decay is band at 1478 cmt. Other reproducible features include

Time (s)
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FiGure 5: Infrared transient spectra of Tris-washed PSIl samples Ficure 6: Infrared transient spectra of Tris-washed PSIl samples
in the presence of 10 mM ferro/ferricyanide and 0.1 mM DCMU in the presence of 10 mM ferro/ferricyanide at pH 6.0. The times
at pH 6.0. The times after the flash excitation from trace a to trace after the flash excitation from trace a to trace d are50, 120~

d are 0-50, 126-170, 246-290, and 366410 ms, respectively. 170, 240-290, and 366410 ms, respectively. Three saturating
Three saturating preflashes, spade s apart, were given to the preflashes, spadel s apart, were given to the sample prior to data
sample prior to data acquisition. The flash frequency was 0.2 Hz. acquisition. The flash frequency was 1 Hz. Each spectrum was
Each spectrum was averaged over 12 experiments from 3 sampleaveraged over 18 experiments from 3 sample preparations. Inset:
preparations. Inset: characteristic absorptions of ferro/ferricyanide characteristic absorptions of ferro/ferricyanide for trace a.

for trace a.

at 2116 cm?, indicating that the rate of ) reoxidation by
ferricyanide is greater than the rate of reduction @by
ferrocyanide, which is consistent with the fluorescence and
EPR measurements (Figures 2A and 4A). The absence of
the characteristic non-heme ##-€** positive absorptions

at 1338, 1252, and negative absorption at 1228 cm
(Hienerwadel & Berthomieu, 1995; Noguchi & Inoue, 1995)
indicates that Figure 6 contains no contributions from the
non-heme iron. Based on the results in Figures 2A and 4A,
more than 40% of the £ and 80% of the ¥°* signals
contribute to trace a in Figure 6. As shown, an intense band
is observed at 1477 cmy, which corresponds to the 1478
cmt band in Figure 5. A 1 cmt shift may not be
considered significant since it is within the experimental error
of £1 cnr L. In the absence of DCMU, the intensity of this

positive bands at 1736, 1719, 1699, 1663, 1621, 1550, 1507
1419, and 1362 cnt and negative bands at 1745, 1726,
1706, 1672, 1656, 1645, 1633, 1543, and 1521%cnThe
subsequent traces in Figure 5 (tracesdp show the slow
decline in the intensity of the 1478 crhband along with
the other bands. Within 360 ms after photoexcitatio65%

Qa~ but less than 5% ¥* should contribute to trace d
according to Figures 2B and 4B. Trace d is identical, except
for larger intensity, to the spectrum recorded on longer time
scale (720 ms) where-1% Y;°* is left (data not shown).
Thus, trace d represents the @ contributions only. Trace

d is almost identical to the Q/Qa difference spectrum
reported earlier (Berthomieu et al., 1992; Hienerwadel et al.,
1996; Noguchi et al., 1992). This consistency indicates that

0 X. ;
less than 5% of ¥°*is hardly detectable in the presence of band drops more rapidly than in the presence of DCMU

mon.a than 10 times £ S|gnaI§. ] (Figure 5). Plots of the decay of the 1478 ¢nband in the

It is notable that a large differential band at 1706/1699 presence and absence of DCMU are shown in Figure 7. As
cmtis present in traces a and b, but not in trace d (Figure seen, the decay of the 1478 thband is largely decreased
5) which is attributed to @ /Qa only, indicating that this 1,y pcMU. Within 120 ms after the photoexcitation, its
differential band may arise fromz¥/Yz. In supportof this  jntensity drops by more than 50% in the absence of DCMU
assignment, the decay of t_he differential bapd approximately (open circle), while only by~14% in the presence of DCMU
follows that of Yz as monitored by EPR (Figure 4B). The (sojid circle). The sensitivity of the decay of the 1478ém
1706/1699 cm' band is not observed in any spectra recorded p3nd to DCMU points to its origin from £.
after trace d (data not shown). In the absence of DCMU, £/Qg may also contribute to

A comparative FTIR experiment was made under the samethe difference spectra (Figure 6). In the bacterial RGs, Q
conditions except without addition of DCMU. The differ- shows a strong absorption in the region of 150@50 cnt.
ence spectra in this case are presented in Figure 6. As showrRecently, we have resolved the B /S,Qs difference
in the inset, electron transport occurs after excitation as spectrum in PSII (unpublished data). Like thg™Qn the
indicated by the characteristiogfCN) absorptions of ferri/  bacterial RCs, the g of PSIl shows an intense absorption
ferrocyanide. In contrast to the DCMU-treated samples, a at 1480 cm* which decays slowly. We will discuss thesQ
positive band is observed at 2040 ¢hand a negative band  signal in detail in a forthcoming paper. The absence of
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carbonyl group(s) by ¥ oxidation may also occur, a more
definite assignment requires further detailed investigations.
Due to the similar decay kinetics of ;¥ and Q. in the
absence of DCMU, it is not possible to separate them
completely, although traces b, ¢, and d (Figure 6) show some
similarity to what has been reported as th&y ; difference
spectrum (Bernard et al., 1995). In future work, we will
attempt to resolve the /Y ; difference spectrum using the
TR-FTIR technique.

CONCLUSION

In conclusion, we have used TR-FTIR spectroscopy to
investigate the flash-induced, FTIR difference spectra as-
sociated with the redox reactions of dnd Q of PSIl on
the millisecond scale. With this technique, we have been
able to obtain the flash-induced;*Qa /Y zQa vibrational

intensity is normalized under the peak height of trace a (Figures 5 difference spectrum as a function of time and to separate

and 6) in both cases. The base line was defined as a flat line from

1900 to 1800 cm! where there was no IR absorption.

another intense band in the proximity of the 1477-ém
region and the fast decay of the 1477 ¢megion indicate
that any contributions from gto the difference spectra are
likely to be very small. However, small contributions from
Qs may become the dominant signals when only residual
amounts of ¥°* and Q~ are left, and this may account for
some of the signals on the longer time scales (Figure 7).
With respect to the decay kinetics, some caution should
be taken in making a direct comparison of the half-times
between the decay of the 1478 chband and the decline

out Qu/Qa signals from %°Y/Y; signals by making use of
their different decay kinetics in the presence of DCMU. By
comparing the ¥*Qa~/YzQa difference spectrum with the
Qa7 /Qa difference spectrum, a large differential band at
1706/1699 cm! has been identified and tentatively associ-
ated with Yz oxidation. This band may reflect perturbation
of local carbonyl group(s) upon Yoxidation. Our results
on the decay behavior of the 1478 chband to DCMU
confirm that the intense 1478 crhband is most likely due
to the infrared absorption of the semiquinone aniqin.Qn

the future, the TR-FTIR method described here can be
applied to the study of other time-evolving intermediates in
PSII such as the;State transitions.

in the chlorophylla fluorescence yield. In particular, as
described above, the chlorophglifluorescence (Figure 2)
was measured with a pulse-modulated fluorometer. Despite
the weak intensity, the monitoring flashes close a fraction ~We are grateful to Dr. Marilyn Ball for using her PAM
of the PSIlI RCs. As a result, the measured kinetics could 101 fluorometer and Mr. Denis Herlihy from Bruker
be slightly faster than those measured with unmodulated Australia for technical help with TR-FTIR measurements.
fluorometers (Boerner et al., 1992) which use an excitation Also we thank Drs. Catherine Berthomieu and Bridgette
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condition similar to what we use for the FTIR measurements.
Second, the overlapping bands in the region of 151400
cm! may complicate the determination of the intensity of
the 1478 cm! band, in particular if the overlapping

components have different decay kinetics. Finally, the decay

of the 1478 cm' band was measured with a time resolution
of 50 ms which is much less than that used in the variable
chlorophyll a fluorescence measurements (Figure 2). This
difference in time resolution may result in an underestimation
of the signal amplitude of the 1478 ciband, particularly
when the signals decay rapidly as in the absence of DCMU.
As a consequence, the measured half-times for the 1478 cm

band will apparently increase. Regardless, however, the

overall DCMU effect on the decay of the 1478 chband
is obvious (Figure 7).

Interestingly, the differential band at 1706/1699¢nis
also observed in Figure 6. The relatively large intensity of
the differential band is most likely due to the larger ratio of
YZz¥Qa~. In this case, the decay of the differential band
also approximately follows the decay of;%. Thus, we
conclude that the 1706/1699 cinband is associated with
Y2%Yz. A similar band at 1704/1697 cthwas observed
previously in the %*¥/Yp difference spectrum and suggested
to be from a free carbonyl group or 9-keto carbonyl of a
neutral chlorophylla molecule perturbed by Y oxidation
(Hienerwadel et al., 1996). Although perturbation of certain

Barry for valuable comments on the manuscript.
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