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ABSTRACT: Using aSynechocystisp. PCC 6803 mutant strain that lacks photosystem (PS) | and that
synthesizes chlorophyll (Chb, a pigment that is not naturally present in the wild-type cyanobacterium,
the functional consequences of incorporation of this pigment into the PS Il core complex were investigated.
Despite substitution of up to 75% of the Chlin the PS Il core complex by CHd, the modified PS I
centers remained essentially functional and were able to oxidize water and redume@Qupon selective
excitation of Chlb at 460 nm. Time-resolved fluorescence decay measurements upon Chl excitation showed
a significant reduction in the amplitude of the-600 ps component of fluorescence decay in open Chli
b-containing PS Il centers. This may indicate slower energy transfer from the PS Il core antenna to the
reaction center pigments or slower energy trapping.Céhd pheophytirb were present in isolated PS

Il reaction centers. Pheophytircan be reversibly photoreduced, as evidenced from the absorption bleaching
at~440 and 650 nm upon illumination in the presence of dithionite. Upon excitation at 685 nm, transient
absorption measurements using PS Il particles showed some bleaching at 650 nm together with a major
decrease in absorption around 678 nm. The 650 nm bleaching that developed~withips after the

flash and then remained virtually unchanged for up to 1 ns was attributed to formation of reduced pheophytin
b and oxidized Chb in some PS Il reaction centers. Atcontaining PS Il had a lower rate of charge
recombination of @~ with the donor side and a significantly decreased yield of delayed luminescence in
the presence of DCMU. Taken together, the data suggest thataial pheophytif participate in electron-
transfer reactions in PS Il reaction centers of Blebntaining mutant o8ynechocystigithout significant
impairment of PS Il function.

Photosystem Il (PS s a multisubunit pigmentprotein reviews see refd—3). The proteins that are key to PS Il
complex that is a part of the photosynthetic apparatus in function include the reaction center proteins D1 and D2, the
plants and cyanobacteria and that uses light energy tochlorophyll-binding proteins CP43 and CP47, theand
catalyze reduction of plastoquinone by water (for recent subunits of cytochrombssg, and the Mn-stabilizing protein
of the oxygen-evolving complex.
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1 Abbreviations: B, monomeric accessory chlorophyll on the active Several Ch|0r0l3hy“_'jl m0|e_CU|esa_and the primary e'_e_Ctron
(D1) branch of the PS Il reaction centerg,Bnonomeric accessory — acceptor pheophytia (reviewed in refs3—5). To stabilize

CthrOphy” on the inactive (D2) branch of the PS Il reaction center; the Charge Separatlon’ the electron |S transferred from

Chlp, chlorophylb, a peripheral chlorophyll in the PS Il reaction center; - . . .
Chlgz, chlorophyll, a peripheral chlorophyll in the PS Il reaction center pheophytin to the primary electron-accepting plastoquinone

serving as an accessory electron donor in PS Il; DCMU, 3-(3,4-di- Qa and then to the plastoquinone pool through the exchange-
chlorophenyl)-1,1-dimethylurea; DMBQ, 2,5-dimethgbenzoquinone; able plastoquinone € The highly oxidizing potential of

Em, midpoint redox potentiaky, maximal fluorescencdo, constant P68 drives donor-side oxidation of Tyl(Tyr161 of Dl)
fluorescencety, variable fluorescence; HPLC, high-performance liquid . . ’
chromatography; LHC, light-harvesting complex: MES, Nesfior- which subsequently withdraws an electron from the Mn-

pholino)ethanesulfonic acid; Pheo, pheophytin; PS I, photosystem I; containing oxygen-evolving complex. Other redox-active
PS Il, photosystem II; P680, primary electron donor in PS N, & components of the PS Il reaction center, such asp Tyr

chlorophyll in the reaction center coordinated by D1-His198; & .
chlorophyll in the reaction center coordinated by D2-His19%; Qe (Tyr160 of D2), a carotenoid, a chlorophyll (Ghl and

primary electron-accepting quinone in PS Ik,he secondary electron ~ Cytochromebssg, are also able to donate electrons to PG80
accepting quinone in PS II; TES\-tris(hydroxymethyl)methyl-2- although with lower quantum yieldby.

aminoethanesulfonic acid; Tyr D2-Tyrl60, an accessory electron -
donor in PS II; Ty, D1-Tyrl61, the physiological electron donor to The structure of the PS Il complex from the thermophilic

P680. cyanobacteriunThermosynechococcus elongahes been
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determined by X-ray crystallography at 3.8 A resoluti@h ( MATERIALS AND METHODS

The crystallography data show 26 chlorophylis ligated to the ) . i

CP43 and CP47 proteins and 2 pheophytins and 6 chioro- Strains and Growth Condition€onstruction and growth
phylls associated with the D1 and D2 proteins of the reaction conditions of twoSynechocystisp. PCC 6803 strains, the

; . PS I-lessthiL~ (parental) and PS I-lesdilL~/lhcbt/cao”
center. The 2 pheophytins and 4 chlorophylls (out of 6) in \ ) .
the PS Il reaction center are arranged in two nedly (Ihcb/cao’) strains have been described previoud) (The

symmetrical branches, similar to that found in reaction 9roWth temperature, which impacts the chloroptayli ratio

centers of purple nonsulfur bacteria. Therefore, these four ©f thelhcb*/cao” strain, varied from 28 to 37C. _
chlorophylls of the PS Il reaction center are sometimes _ Isolation of Thylakoid Membranes and PS Il Particles.
labeled as R, Ps, Ba, and B (see refs3, 8, and9), i.e., in Thylakp|d membranes and PS Il core parncles.were p.repared
the same way as reaction center pigments of bacterial€Ssentially using the protocol of Tang and Din&g)(with
systems. Indexes A and B indicate active and inactive SOme modifications. To avoid pheophytinization of chloro-
branches of electron transfer, respectively. The other two Phyll, all media were buffered with 50 mM TESNaOH at
chlorophylls associated with D1 and D2 proteins (Ciid ~ PH = 7.4 instead of MESNaOH (pH= 6.0). Considering
Chlp, respectively) are located at the periphery of the PS II that in our study PS Il core particles were isolated from PS

reaction center and have no homologues in the bacterialll€Ss cells, which have a 5-fold reduced chlorophyll content
reaction center. (14), initial solubilization of thylakoid membranes in dodecyl

maltoside was performed at a lower chlorophyll concentration
(0.1 mg/mL) compared to at 1 mg/mL used by Tang and

Diner (13). The final concentration of the detergent was 0.4%

(w/v), and the extraction proceeded in the dark for 40 min.

The suspension was then centrifuged at 30 000 rpm in a
Beckman 50.2Ti rotor for 30 min at 4C, and the obtained

In bacterial reaction centers, thg 8d B molecules form
a strongly coupled dimer (special pair). Upon primary charge
separation, the #Ps pair donates an electron to bacterio-
pheophytin, apparently via the accessory bacteriochlorophyll
Ba (10). In contrast, coupling between the homologous

“special pair” chlorophylls Rand B in PS Il is r_nuch Weak_er supernatant was loaded onto a DEAE-Toyopearl 650S
(12), probably because of the greater spatial separation Ofcolumn (3x 11 cm) previously equilibrated with a buffer

the two molecules 410 A center to center?ﬁ). It. was containing 5 mM MgGJ, 10 mM CaC}, 50 mM TES-NaOH
proposed that a£80 K primary charge separation in PS |l (pH = 7.4), 20% (v/v) glycerol, and 0.03% (w/v) dodecyl

oceurs exclusive_ly frgm the excite_qAB:hIorophyII_, Wit.h maltoside. The column was washed with equilibration buffer
subsequent stabilization of the positive charge primarily on (500 mL) at a flow rate of 5 mL/min. Then 500 mL of a
Pa (9). At room temperature charge separation may also beIinear gradient from 0 to 35 mM MgSQin equilibration

in_itiated from molecule_(s) other thamH9; but see reﬁ) buffer was applied to the column with fractions being
with subsequent formation of the P68heo state, in which collected from the beginning of the gradient. The first

the positive charge (hole) is delocalized among several g, tions containing phycobilins and PS II particles enriched
chlorophyll species constituting the P680 site §, 9). with carotenoids were discarded, and the later fractions
Normally the D1, D2, CP43, and CP47 proteins bind only containing purified PS Il core particles were collected for
“a’-type porphyrins, i.e., chlorophyl and pheophytira. further usage.
The CP43 and CP47 proteins function as an inner antenna |splation of PS Il Reaction CenterBS Il reaction centers
system that is connected to a secondary light-harvestingfrom Synechocystisells were prepared essentially by method
system. In higher plants, selected algae, and prochlorophytesf Giorgi and coauthorsi6). Initial solubilization of PS I-less
this secondary light-harvesting system contains chlorophyll thylakoid membranes in 4.5% (w/v) Triton X-100 was
aand CthI’Ophyllb molecules. In Contrast, phyCObilisomeS performed at a lower Ch|orophy” concentration (99 of
serve as the secondary light-harvesting system in cyano-chiorophyll mL™) compared to at 45@g of chlorophyll
bacteria. Cyanobacteria cannot synthesize chloropigfid ~ m|_ -1 used for PS I-containing thylakoids in ré6. PS II
do not have LHC (light-harvesting complex) proteins typical reaction center preparations from PS I-l&mechocystis
for the secondary light-harvesting antenna complex in plants. cells contained a substantial amount of contaminating cyto-
We have created a PS I-less mutant of the cyanobacteriumchromes presumably because of the higher cytochragne
Synechocystisp. PCC 6803 that is able to synthesize large content of the starting material. The abundance of cyto-
amounts of chlorophylb (12). In this mutant thecao and chromes precluded the use of cytochrdgg for quantifica-
Ihcb genes from a higher plant that encode chloroplayll  tjon of PS Il reaction centers.

oxidase (the enzyme that converts chlorophllinto Pigment AnalysisPigments from whole cells were ex-
chlorophyll b) and a major chlorophyle/b binding LHC tracted with methanol supplemented with 0.01% (v/v)
protein associated with PS Il (LHCII), respectively, were 4mmonium hydroxide, and the extracts were analyzed by
incorporated into the genome 8fnechocystiand expressed  p| ¢ (12) or spectrophotometrically using extinction coef-
under strong native promoters. The LHCII protein apparently ficients provided by Lichtenthalerl6). Extraction of pig-
degrades rapidly in this mutant, and the synthesized chloro-ments from PS 11 core particles or from reaction center
phyll b replaced the majority of chlorophydin PS 11 (12). preparations was performed with acetone supplemented with
In this work, we characterize PS Il properties of this 0.01% (v/v) ammonium hydroxide; three volumes of the
chlorophyll b-containing PS 1l complex. Biochemical and sample were added to seven volumes of acetone. Insoluble
spectroscopic analysis suggests that chlorogihgéin occupy material was removed by centrifugation, the pigments were
most of the chlorophyla-binding sites associated with CP43  reextracted from the supernatant with hexane, concentrated,
and CP47 and several chlorophyll binding sites associatedif necessary, under a stream of nitrogen gas, and then
with the D1 and D2 proteins. subjected to HPLC analysis. The pigments were detected at
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654 nm (pheophytim), 646 nm (chlorophylb), and at 665
nm (chlorophylla and pheophytira). Standards used were
chlorophyllb purchased from Sigma, chlorophwliisolated
from wild-type Synechocystisells, and pheophytia and
pheophytinb obtained by acidification of 1 mL of acetone
solution of the corresponding chlorophyll with AL of
concentrated HCI. The extinction coefficients for chlorophyll
a(76.79 mMtcmtat 663.6 nm) and chlorophyti (47.04
mM~t cm™! at 646.6 nm) in 80% acetone were taken from
Porra and coauthor47).

Fluorescence Emission Spectraluorescence emission
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dye laser system, synchronously pumped by a Nd:YAG laser
(Coherent Antares). The half-width of the output pulses was
5—15 ps at a repetition rate of 4 MHz with a mean power
of less than 5 mW on the sample. Chlorophylls were excited
at 432 or 455 nm by a Tsunami mode-locked Ti:sapphire
laser equipped with a model 3980 frequency doubler/pulse
selection unit and continuously pumped by a Millennia diode-
Nd:YVO, laser (Spectra Physics). The2 ps excitation
pulses were delivered at a frequency of 4.2 MHz. Emission
was detected through a monochromator with bandwidths set
at 8 (excitation at 432 or 600 nm) or 16 nm (excitation at

spectra were recorded upon excitation of cell suspensions455 nm). The full width at half-maximum of the instrument

or isolated thylakoids (chlorophyll concentration 082 ug
mL~1) by monochromatic light using a FluoroMax spectro-

fluorometer (Spex Industries, Inc). To measure room-

temperature fluorescence emission spectr@ysfechocystis

response function determined by measuring light scattering
from Synechocystisells was 75 to 150 ps depending on the
excitation wavelength.

Transient Absorption SpectroscopiMeasurements of

cells with PS 1l centers open, the culture was pumped throughtransient absorption spectra of the PS Il core particles were

a flow-through cuvette at a rate of 5 mC's A 5 uM
concentration of DCMU (an inhibitor that blocks electron
transfer from Q to Qg) was added to the culture, and the

performed at room temperature using a femtosecond laser
spectrometer described earli@0). A small amount of K-
Fe(CN) (1 mol of ferricyanide/mol of PS Il) was added to

pumping was stopped to record the fluorescence emissionPS Il core particles to oxidize Qin all reaction centers,
spectra with PS Il centers closed. Fluorescence at 77 K wasand the sample was loaded into an optical wheel with a 2

measured as described in i To remove phycobilisomes

mm path length that was rotating with a frequency ef42

from the thylakoid preparation, the thylakoid suspension was Hz to ensure excitation of a fresh sample with every laser

washed several times with a buffer containing 50 mM MES

pulse. The pump laser pulsesX50 fs duration) centered at

NaOH (pH= 6.5) and 20 mM sodium pyrophosphate before 685 nm excited samples at a frequency of 1 kHz. The
the fluorescence measurement. Gaussian analysis of théntensity of the pump pulses was low enough to avoid
fluorescence emission spectra was performed using Originsinglet-singlet annihilation of excitations in PS II.

6.0 software (Microcal Software Inc.).

Fluorescence Inductiorzluorescence induction was re-
corded with a FluoroMax spectrofluorometer (seelrfor
details). A 5uM concentration of DCMU and 1 mM NH

Oxygen Eolution. O, evolution was measured at 2&
with a Hansatech oxygen electrode (Hansatech, King’s Lynn,
England) as described in r&f. Actinic light provided by a
KL 1500 illuminator (Walz, Effeltrich, Germany) was passed

OH were added to the cells in complete darkness 1 min through a long-wave-pass filter transmitting light with a

before the room-temperature measurements,(HHfunc-
tionally replaces the Mn cluster of the oxygen-evolving
complex thereby preventing charge recombination gf Q
with the donor side. In the presence of both DCMU and:NH
OH, PS Il can be excited at a very low light intensity to

wavelength longer than 560 nm before reaching the sample.
When predominantly chlorophyll excitation was desired, the
light was filtered through a LS-500 short-wave-pass filter
(Corion) that transmits light with a wavelength shorter than
500 nm. The light intensity was adjusted with a set of neutral

monitor fluorescence induction without charge recombina- density filters (Corion).

tion-induced artifacts, thus overcoming the limited time
resolution of the spectrofluorometer.
Delayed LuminescencEinetics of delayed luminescence

Pheophytin Photoreductio®S Il core preparations were
diluted to a final chlorophyll concentration of 3. with
a buffer containing 50 mM TESNaOH (pH 7.8), 5 mM

were recorded using a FluoroMax spectrofluorometer equippedMgCl,, 5 mM CaC}, 20% glycerol, 0.03% dodecyl maltoside
with a temperature-controlled cuvette holder after excitation (w/v), 0.23 mg/mL glucose oxidase, @@/mL catalase, and

of DCMU-treated (5 mM) intact cells with a saturating

10 mM glucose (the last three chemicals were used to create

single-turnover Xe flash. Luminescence was detected at 680anaerobic conditions). Samples were transferred to a cuvette

nm (the bandwidth at half-maximum was 16 nm). The

(1 cm optical path length) and incubated in darkness with 3

recording of the delayed luminescence signal was started 10mM sodium dithionite and &M methyl viologen for 2 min;
ms after the flash and continued for up to 5 s. The value of they were subsequently illuminated for 40 s with red or blue
the integral under the curve was taken to characterize light (~1000umol of photons m? s™*) from the side of the

intensity of delayed luminescence.
Variable Fluorescence Decaylhe decay of variable

fluorescence was detected with a PAM fluorometer (Walz,

Effeltrich, Germany) as described previousi8\. Every

cuvette to photoaccumulate reduced pheophytin. Absorption
spectra of the samples were determined using a computer-
controlled Cary 5 spectrophotometer (Varian). The absorption
spectrum was first recorded during the last 10 s of illumina-

trace was recorded using a fresh sample. The measurementson (the light spectrum). After the actinic light was turned
were repeated 5 times at each temperature, and the averageuaff, the spectrum was recorded 4 times at 30 s intervals. In
curve was used for further analysis of decay components.contrast to PS Il core particles obtained from the parental

Time-Resaled Fluorescence Decay KineticSime-
resolved fluorescence of intact cells 8fnechocystisvas

PS I-lessthlL~ strain, the chlorophylb-containing prepara-
tion appeared to be rather unstable in the presence of

measured at room temperature in a single-photon-timing dithionite; a gradual bleaching at 648 nm accompanied by

spectrometer as described by Bittersmann and Verni&s (

appearance of a 665 nm peak (presumably due to a chemical

Phycobilins were excited at 600 nm using a cavity-dumped modification of chlorophyllb) developed in these samples
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Table 1: Chlorophyll and Pheophytin Composition

Chl (a+ b)/
strain sample Chh Chlb Pheoa Pheob 2 Pheo&+b)

PS I-lessthiL™ (parental) whole cells 38%£0.3 0.0 2.0+01 0.0 38.5£ 0.5
PS Il core particles 373 0.3 0.0 20£01 0.0 37.3:05

PS Il reaction centers 780.2 0.0 2.0+£01 0.0 7.8:0.3

PS I-lessthiL~/Ihcb*/ cao®  whole cells 135 0.1 246+0.2 0.8+0.1 12+0.1 38.1+ 0.4
PS 1l core particles (early fraction) 12430.1 26.8£0.3 0.8+0.1 1.2+0.1 39.1+ 0.6

PS Il core particles (late fraction) 14430.1  22.9+0.2 1.0+£0.1 1.0+0.1 37.2+0.3

PS Il reaction centers 5#0.1 4.6+ 0.1 1.8+ 0.1 0.2+ 0.05 10.3£ 0.2

2 The composition of chlorophyll and pheophytin was determined in whole cells of the PSchlesgparental strain and tHacb*/cao™ mutant
and in PS |l core particles (D1/D2/CP47/CP43/byis) and PS Il reaction center preparations (D1/D24oyt) obtained from these cells. The
pigment composition was determined by HPLC and was normalized to two pheoplaytinis)( Shown are average valugsSD for three pigment
determinations.

even in the absence of illumination. To correct the absorption chlorophyll-to-pheophytin ratio in the late fractions was the
changes due to photoaccumulation of reduced pheophytinsame as in PS Il cores isolated from the parental PS I-less/
for the dithionite-induced light-independent pigment modi- chIL™ cells. In early fractions this ratio was a little higher
fications, the changes in absorption during the dark incuba- than in extracts from whole cells (see Table 1). This may be
tion period that followed the illumination were linearly due to contamination of the early fractions with potential
extrapolated to a zero time-point corresponding to the chlorophyll-binding proteins such as SCR94)(that are not
moment when the light spectrum was taken. The difference components of the PS Il core.
spectrum characterizing solely pheophytin photoreduction |nterestingly, when isolation of PS Il core particles from
was obtained by subtracting the extrapolated dark spectrumps |-lessSynechocystisells (both the parental strain and
from the light one. This correction is justified because |hcht/cao™ mutant) was performed in a buffer at pH 6.0
reoxidation of pheophytin in the control sample is essentially (rather than at pH= 7.4; Table 1), the measured chlorophyll
completed during the first 30 s of dark incubation, whereas g 2 pheophytin ratio was reduced to 323 (data not
light-independent changes typical for the chlorophyll  shown). This is very close to the value of 34 chlorophyll
containing PS Il core preparation continue for many minutes molecules/2 pheophytins reported for a preparation of PS II
with apparently zero-order kinetics at a relatively slow rate. ¢gre particles isolated from @ynechocystisutant with a
His-tagged CP47 polypeptid23). Considering that in the

RESULTS latter case the isolation was also performed at=pi8.0, it

Pigment Composition of Intact Cells and Isolated PS 11 iS likely that even slight acidification of the isolation medium
Core Particles The PS I-lesghiL~ parental strain lacks ~€ads to pheophytinization of some chiorophyll, although the
chlorophyllb, as expected, but tHecht/cao* strain derived ~ lower pH is best for stabilizing an active oxygen evolving
therefrom synthesized a significant amount of chlorophyll COmplex (see, for example, rég).
b; the chlorophyllb/a ratio in thelhcb®/cao’ strain depended Pigment Composition of Isolated PS Il Reaction Centers
significantly on growth temperature and varied from 1.2 at Because of the abundance of chloropHylin Ihcb*/cao”
28°C to 3.1 at 37C. Another pigment detected exclusively cells and because of the apparently limited specificity of
in thelhcb/cao" strain was pheophytib. Table 1 compares  pigment-binding sites in PS Il for the type of chlorophyll
the chlorophyll and pheophytin content in the PS I-lglsit/ bound @2) chlorophyllb may occupy chlorophy#-binding
parental strain and in théacb/cact mutant grown at 30  sites not only in the CP43 and CP47 antenna proteins but
°C. Under these conditions, the chlorophiylé ratio in the also in the PS Il reaction center itself. To test this, we isolated
Ihcbt/cao™ mutant varied from 1.6 to 2.0. The PS I-less/ PS Il reaction centers (D1/D2/cytochronbess pigment-
chiL~ parental strain contained about 38 chlorophgll ~ protein complexes) from thich™/cac”™ mutant and com-
molecules/2 pheophytia. The same chlorophyll-to-pheo-  pared the pigment composition of this preparation with that
phytin ratio was obtained for tHbcb™/cac™ mutant if both isolated from the PS I-lesdilL™ parental strain. HPLC
types of chlorophyll and pheophytim @ndb) were taken analysis confirmed the presence of chlorophylin PS I
into account. reaction centers isolated from tiitecb*/cao® mutant, but

PS Il core particles isolated from the PS I-lesdl.~ strain ~ the amount of pheophytinin this preparation was very low
by column chromatography contained about 37 chlorophyll @nd the chlorophyll-to-pheophytin ratio was higher than in
a/2 pheophytina molecules. This result is in excellent the PS I-lessthiL™ strain (Table 1). A possible explanation
agreement with the earlier estimation of the chlorophyll-to- for the low pheophytirb content and the high chlorophyll-
pheophytin ratio of 37.5 in PS Il particles isolated from wild- to-pheophytin ratio in the reaction center preparation from
type Synechocystisp. PCC 6803 after correction for a small thelhcb®/cac” mutant is that pheophytinthat is present in
contamination with PS 11(3). As expected, PS Il core PS Il core particles, presumably in reaction centers (Table
complexes isolated from thich*/cact mutant contained 1), is washed out easily, for example because it is bound
chlorophyll b and pheophytirb together with the typical ~ less tightly than pheophytia.
a-type pigments. However, this preparation appeared to be Spectral Properties of Isolated PS Il Reaction Centers
rather heterogeneous: fractions of PS Il particles that elutedFor better resolution of the absorption properties of PS II
early from the column were enriched in chlorophlyland reaction centers, the absorption spectrum was recorded at
pheophytinb as compared to later eluting fractions. The total 77 K. As expected, a large contribution of chlorophyla
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Ficure 1: 77 K absorption spectra of PS Il reaction center pgre3: Absorption difference spectra associated with photoac-
preparations. PS Il reaction centers were isolated fromhitie/ cumulation of reduced pheophytin. Photoinduced (light-minus-dark)
cao” mutant ) and from the PS I-lessfilL.~ parental strain (-—).  changes in the absorption spectra $nechocysti®S Il core

The spectra were recorded between 630 and 700 nm, correspondingya ticles isolated from the parental PSiéssthiL~ strain @) and

to the Q region of chlorophylls, and normalized to the absorption  f.om thelhcbt/cagt mutant () were measured in the presence of
maximum. 3 mM sodium dithionite and kM methyl viologen. The light-
minus-dark difference spectra of both types of samples were
corrected for dithionite-induced light-independent absorption changes
as described in Materials and Methods although the light-
independent changes were minor in PS Il core particles isolated
from the parental strain. The chlorophyll concentration weas4

uM. The chlorophyllb/aratio in PS Il cores isolated from thiecl'™/

cao” mutant was 1.6. The measurements of difference spectra in
the blue light region were performed upon excitation of the samples
with light filtered through a red filter A = 625 nm), and
corresponding measurements in the red region of the spectrum were
performed upon excitation of the samples with blue ligh&(500

nm). The excitation light intensity was 10@@nol of photons m?

s 1in both spectral regions.

1.04
0.8
0.6

0.4 1

Fluorescence, a.u.

0.2+

0.0‘ e at 679 nm did not change (Figure 2). Consequently, the
650 660 670 680 690 700 majority of chlorophyllb molecules in the PS Il reaction
Emission wavelength, nm center preparations are functionally coupled to chlorophyll
a

Ficure 2: 77 K fluorescence emission spectra of PS Il reaction .Pheophytin ReductionTo verify that pheophytinb is

fhecnt}f}rcggfprﬁlrﬁgg?ifs)Igﬁaﬁgﬂ: t%%n:)e;fe\r/]vtzllreplgolljléig‘fl_r?m thepresent in intact PS Il reaction centers and to determine

strain (). Samples were excited at 435 () or at 465 @) nm. whether this pigment (rather than pheophy&h might
participate in electron-transfer reactions, we measured photo-
wide shoulder around 648660 nm) was apparent in spectra induced absorption changes in isolated PS Il core particles
of PS Il reaction centers isolated from tieb™/cao’ strain in the presence of dithionite and methyl viologen, conditions
(Figure 1). Moreover, the spectrum of the chlorophyll that favor photoaccumulation of reduced pheophyf8).(
b-containing reaction centers exhibited a red shift of the The light-minus-dark difference spectrum of PS Il core
absorption maximum from 674 to 677 nm as compared to particles isolated from the PS I-lesBIL~ parental strain
the control reaction centers, suggestive of a preferential showed minima around 418 and 682 nm and a maximum at
replacement of short-wavelength chlorophyll(s) absorbing 450 nm (Figure 3), in line with what would be expected from
around 674 nm by chlorophytl. In contrast to the red-shifted  pheophytina reduction. In preparations from titiecb™/cac”
absorption maximum, the 77 K fluorescence emission mutant an additional minimum at 440 nm appeared in the
spectrum of chlorophylb-containing reaction centers was blue region of the difference spectrum, whereas the maxi-
slightly blue-shifted relative to the control (679 versus 680.2 mum at 450 nm typical for PS |l core particles from the
nm, Figure 2). The width of the fluorescence emission band parental strain was shifted to 460 nm. In the red region of
remained almost identical in reaction centers from both the difference spectrum, in PS Il core particles of ltieht/
strains. The change in the fluorescence emission maximumcao® mutant a new broad band appeared with a minimum
suggests that, in addition to some of the short-wavelengtharound 650 nm. The 682 nm minimum greatly decreased in
chlorophyli(s), the most red-absorbing pigments in the amplitude and shifted to slightly shorter wavelengt6¢9
parental strain may also have been replaced by chlorophylinm), which may be due to an increase in the relative
b in the lhcb*/cact mutant. Another interesting feature of contribution of an electrochromic shift in a 679 nm chloro-
reaction centers from théacb™/cao™ strain is that only a  phyll absorption band§).
small fluorescence emission shoulder around 653 nm ap- Figure 3 suggests that the amount of pheophwin
peared upon excitation at 460 nm (exciting chloroplmy/l reduction is greatly decreased in theb"/cac" core particles
whereas the shape of the major fluorescence emission ban@énd that a component absorbing at 440 and 650 nm is
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Ficure 4: Transient changes in absorption of photosystem Il core particles isolated frdhchfiécac™ (O) and the parental PS lless/
chiL~ (m) strains ofSynechocystigpon excitation with 685 nm pump pulses. Shown are transient absorption spectra at 1 ps (A) and 1 ns
(B) pump—probe delay and corresponding kinetics of absorption changes at 650 nm (C) and 678 nm (D).

bleached. We assign this component to be pheophytin ~678 nm, which decayed in time with apparently the same
Pheophytin reduction is accompanied by bleaching around multiphasic kinetics in chlorophyb-containing and control

the Soret and (absorption bands (see ré¥8and24), which PS Il core preparations (Figure 4D). The decay of the
for pheophytinain PS 1l are centered at about 420 and 680 bleaching at 678 nm in both preparations can be reasonably
nm, respectively. In organic solvents, the Soret absorption well approximated with two decay components= 7—9
maximum of pheophytirb is shifted to longer wavelength  ps andr = 80—120 ps) and a nondecaying part. In addition
by ~19 + 6 nm relative to pheophytia, whereas the to the major 678 nm bleaching band, the transient absorption
band is shifted to shorter wavelength by7 £ 6 nm spectra of chlorophylb-containing PS Il core preparations
compared to pheophyt(16). Considering that the protein  recorded 1 ns after the excitation pulse had developed some
environment modifies the position of the absorption maxima bleaching around 650 nm (Figure 4B). In contrast, a small
of the pigments, we assign the spectral bleaching at 440 andncrease in absorption at 650 nm was observed after 1 ns in
650 nm in the PS Il core preparation from tineb*/cao’ PS Il particles from the parental strain. As shown in Figure
mutant to the photoaccumulation of pheoph¥ifThis, along 4C, the increase in 650 nm absorption in core particles of
with the decreased bleaching at 418 nm and at about 680the parental strain developed essentially at the time of the

nm in PS Il core particles from th#cb'/cac™ mutant, actinic pulse, whereas the build in of the bleachinthitb/

suggests that a major part of the photoreducible pheophytincac™ particles was much slower (half-time of about 10 ps).

a has been substituted by pheophytiim the mutant. Once developed, the intensity of bleaching at 650 nm
Transient Absorption Spectra of PS |l Cordss nearly remained unchanged for up to 1 ns. This suggests that upon

half of the chlorophyll in reaction centers from theb®/ excitation ofa-type pigments some bleaching ofbetype

cao” mutant is chlorophyllb (Table 1), the possible pigment is induced.

involvement of chlorophyllb in primary electron-transfer Variable Fluorescence and Delayed Luminesceiesn-

reactions inlhcbt/cac™ PS Il was analyzed. Transient perature Dependenc&/here possible, intact cells were used
absorption spectra of isolated core particles were recordedto compare functional properties of chlorophgdtontaining

at different time delays after excitation with a pump laser and control PS Il complexes to minimize potential artifacts.
pulse centered at 685 nm; light at this wavelength is absorbedBy measurement of decay kinetics of variable fluorescence
predominantly by long-wavelengtrtype pigments of the  (Fy) after exposure of DCMU-treated cells to a 200 ms flash
PS 1l reaction center. Figure 4 A,B shows differential of light, the rate of Q~ recombination with the donor side
absorption profiles recorded in PS Il core preparations from in PS Il of thelhcbt/cac™ mutant was compared to that of
the parental anthcbt/cao™ strains 1 ps and 1 ns after the the parental PS I-lessilL~ strain. The decay kinetics in both
excitation pulse. The spectra of both types of PS Il core mutants can be fitted by a sum of two exponentials with
particles were characterized by a pronounced bleaching atapproximately equal amplitudes of fast and slow phases of
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0.0032 0.0034 0.0036 upon predominant chlorophyll excitation/ak 500 nm at a limiting
= light intensity of 200umol of photons m? s™1. The chlorophyll
1/Temperature, K b/aratio in thelhcbt/cac' cells was 2.9. Each data point represents
Ficure 5: Temperature dependence of the half-timd-pfdecay an averaget SD of three experiments.
(A) and the intensity of delayed luminescence (B) in intact cells of

thelhcb/cac™ mutant () and of the PS I-lesshi.~ parental strain ¢ ncentration of functional PS Il centers was similar in both
(m). To all cell suspensions, DCMU was added to a final

concentration of M. To measurd-, decay, cells were incubated _sar_nples (see re12)_. _Consequently,_the resulfts obtained
for 3 min at a given temperature in darkness and were then indicate that the efficiency of formation of excited chloro-
illuminated by a 200 ms pulse of red light (30nol of photons phyll upon charge recombination ofyQwith the donor side

m~2 s71). Subsequently, changes i were monitored after  in chlorophyll b-containing PS Il is significantly reduced,
termination of the pulse. The half-time Bf decay was determined as compared to in the control strain.

after averaging five decay curves, each curve recorded with a fresh . .
sample. To measure delayed luminescence, cells f&60f Oxygen kzolution. The rate of oxygen evolution measured
chlorophyll/mL) were incubated for 3 min at given temperature in in intact cells of thelhcbt/cao" strain at saturating light

darkness and were then exposed to a saturating single-turnover Xdntensity was 76-80% of the value measured in the PS I-less/
flash. The delayed luminescence signal was recordeg $estarting chiL- parental strain. Figure 6 shows normalized light

10 ms after the flash. The val f the integral under th rv ) S X
w%s csaliult.aated?o ggterminee ir?tgnesict)y of%elaflgdalulrjniggsceﬁc?Tt?esanj'rat_'on curves of oxygen evolution in the two strains upon
chlorophyll b/a ratio in thelhcb*/cac” cells was 1.8. excitation withA = 560 nm light that is absorbed mostly by
phycobilins. For the chlorophylb-containing lhch*/cao”
decay (data not shown, but see 18ffor decay traces inthe ~ mutant, about 20% more light was required to half-saturate
control PS I-less strain). The overall half-time 6§ decay oxygen evolution, as compared to the PS I-lelsik/~ strain.
was taken as a parameter to compare Gtability in the Largely, this difference may be due to the fact that on a per
two strains at temperatures frof2 to 32°C. Figure 5 A cell (ODy3g) basis thelhcb™/cac" mutant contained about
shows that Q~ decayed somewhat slower in chlorophyll 15% less phycobilins than the parental PS I-lebdi/~ strain
b-containing PS II. The difference B, decay rates between (data not shown). When oxygen evolution at limiting light
the two strains was larger at higher temperatures indicatingintensity was recorded in the two strains upon predominant
that the apparent activation energy of Q@lecay is lower in excitation of chlorophylls with blue lighti(< 500 nm), the
the lhcb™/cao™ strain. Ihcbt/cao™ mutant had a 10% higher rate of, ®volution
The kinetics of delayed luminescence emitted upon than the parental PS I-leskiL ™ strain, in line with a broader
recombination of @~ with the donor side after excitation spectrum of light utilization in the chlorophyt-containing
of PS Il with a saturating flash were slower limcb*/cao” strain. Taken together these results suggest that chlorophyll
cells compared to PS I-les$lL~ cells and accelerated at b-containing PS Il complexes capable of oxygen evolution
higher temperatures in both strains (data not shown). Thehave a photosynthetic efficiency that is similar to that of PS
integral intensity of delayed luminescence was about 4-fold Il complexes that contain only chlorophyl
lower in the Ihcbt/cact mutant relative to the parental Fluorescence InductionMeasurements of fluorescence
chlorophyllb-less cells at all temperatures (Figure 5 B). The induction in the presence of DCMU and NBH provide a
delayed luminescence was measured upon excitation of PSvay to estimate changes in the overall efficiency of PS |
Il with saturating flashes. Samples from the two types of complexes upon modification of their pigment composition.
cells contained an equal amount of chlorophyll, and the In this experiment, cells were excited with weak monochro-
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; : : v ! : emission increased by a factor of 3, but the spectrum
remained qualitatively the same. The fluorescence emission
within the 630-685 nm spectral window was fitted with a
sum of three Gaussian components that correspond to the
- fluorescence from the phycobilisome terminal emitter(s) and
chlorophylla in PS Il dmax = 680.8 nm), allophycocyanin
(Amax= 665.0 nm), and phycocyaniff.x= 640.1 nm). The
emission intensity of the 680.8 nm component dominated
in the chlorophyllb-less strain.
In chlorophyllb-containing cells, the relative contribution
of the 650-670 nm shoulder to overall fluorescence in-
. T . T - - creased with increasing chlorophylcontent (Figure 8B,C),
400 420 440 460 480 500 whereas the increase in the fluorescence intensity upon
Excitation wavelength, nm closure of PS Il centers became less prominent. The
FIGURE 7: Wavelength dependence of thg @duction rate in PS ~ fluorescence emission spectra of chloroptiyitontaining
Il of the Ihcbt/cac™ mutant () and the PS I-lesshiL~ parental cells can be fitted essentially with the same set of components
strain (). The rates of @ reduction upon excitation of intact cells  that was used for the analysis of fluorescence in the parental
Wr']th E’O%Ocri‘ro”}atg “gh\t ;ngf?rem ‘\;va‘ée'cee’l}ggl‘;tévgrferg%mﬁlaered strain. However, the best fit was obtained when the emission
ﬁuoﬁegcer?gesin%ucti/gpﬁ curves'mUeZFavsured in the presence of 1 mmmaximum corresponding to allop_hycocyanln was shifted
NH,OH and 5¢M DCMU for each excitation wavelength as shown from 665.0 to 662.8 and 662.4 nm in tieb*/cac” cultures
in the inset. The chlorophyti/a ratio in thelhcb*/cac* cells was with chlorophyllb/a ratio of 1.4 and 3.1, respectively. The

1.5

w

Fluorescence, a.u.
~

0.0

14. relative intensity of the 662:4662.8 nm fluorescence bands
o o ) was much stronger in chlorophydtcontaining cells than in

matic light (light intensity of less than Amol photons m? the parental strain.

s™) at different wavelengths, and the tiragr, required for The Q band absorption of protein-associated chlorophyll

value was determined (see the inset to Figure 7). Figure 7 chjorophyll b and phycobilisomes can contribute to the

shows the wavelength dependence of the,d/ values intensive fluorescence emission at 680 nm in théhch'/
characterizing the rate of Qreduction in thelhcb/cao” cao" mutant. In fact, a small blue shift in the fluorescence
mutant and in the PS I|-les$ilL~ parental strain. In contrast  emission maximum of the 66665 nm Gaussian compo-
to the parental strain, light absorbed by chlorophydk 460- nent, observed ithcb*/caot cells, might be assigned to a

470 nm in thelhcb’/cao” cells is about as efficient in Q  contribution of chlorophylb fluorescence, which is expected
reduction as light absorbed by chlorophgiat 430 nm. The o peak at slightly shorter wavelength than allophycocyanin.
total amount of chlorophyll molecules appears to be the sameTq determine the origin of the 6570 nm fluorescence,
in PS Il complexes from theao'/lhcb™ and the PS I-less/  the fluorescence spectrum emitted by intact cells oftibs*/
chiL~ cells (Table 1). Thgrefore, assuming that the absorptipn cao" mutant with PS 11 centers closed was compared with
cross section of PS Il integrated from 400 to 480 nm is the fluorescence emission spectrum of thylakoids, which
similar in the two strains, one can compare the efficiency of \ere isolated from these cells and which were essentially
Qa reduction in the chlorophylb-containing and parental  gepleted of phycobilisomes during the isolation (see Materi-
PS Il cells by integrating the obtained.J, values plotted 3|5 and Methods for details). As phycobilisome removal
in Figure 7 over the wavelength range from 400 to 480 nm. greatly reduced the intensity of the 65670 nm shoulder
This calculation suggests that the energy absorbed _by PS IlFigure 9), this emission in thiach*/cac" strain originated
centers from théhcb'/cao” mutant leads to Q formation predominantly from phycobilins. Excitation of thylakoid
with 85—-90% efficiency as compared to normal chlorophyll fiyorescence at 460 nm, a wavelength at which chlorophyll
a-containing PS Il. Considering that phycobilins contribute ) aphsorption is maximal but phycobilins absorb less than at
to some extent to the absorption in the blue spectral region 435 nm, caused a further decrease in fluorescence emission
and that the phycobilin amount is somewhat reduced in the 5t 650-660 nm. Therefore, if chlorophyb contributes to a
Ihch*/cao" strain, the difference in the quantum yield leading - small extent to the 650670 nm fluorescence shoulder, this
to stable charge separation in the two types of PS Il emissjon is expected to be associated with chloroitfiat
complexes is expected to be even less thanIB%b. As is excitonically connected to other PS Il pigments rather than
will be shown in the next paragraphs, part of this difference th free chlorophylib.
can be attributed to the reduced efficiency of energy transfer Time-Resaled FluorescenceExcitation at 600 nmTo
from PS 1l core/phycobilisome complex to the reaction center study the influence of the presence of chloropHylbon
in chlorophyll b-containing PS II. excitation energy transfer between phycobilisomes and the
Fluorescence Emission Spectiia monitor energy trans-  PS Il complex in more detail, fluorescence decay kinetics
fer in intact PS Il, room-temperature fluorescence emission were measured in intact cells of theb'/cac" mutant and
spectra were recorded Bynechocystisells with different of the parental PS I-lesdilL ~ strain. The decay of fluores-
chlorophyll b/a ratios. As expected, upon chlorophyl cence elicited by selective laser-pulse excitation of phycobilin
excitation at 435 nm, the fluorescence emission spectrumpigments at 600 nm was recorded in the wavelength region
of the PS I-lesghlL~ strain showed a fluorescence emission from 620 to 700 nm at 10 nm intervals. Global analysis of
peak at 680 nm and a small shoulder at-66@0 nm (Figure the fluorescence data in the entire region was performed,
8 A). Upon reduction of @, the intensity of the fluorescence and the results are shown in Figure 10. The fit quality was
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Ficure 8: Gaussian analysis of room-temperature fluorescence emission spectra of intact cells. Fluorescence was measured in intact cells
of the parental PS I-lesdilL~ strain (A) and of thdhcb™/cac™ (B, C) mutant with PS Il centers opem) or closed ). Excitation was

at 436 nm. The chlorophyli/a ratio in thecac"/Ihcb* cells was 1.4 (B) and 3.1 (C). The spectra of each culture were normalized to the
correspondind-m, value. Fluorescence data between 620 and 685 nm were fitted with three Gaussian components shown by tRigk solid (

or dashedK,) lines; thin lines indicate the sum of the corresponding components. The widths at half-maximum of the Gaussian components
were set equal to 19.2 NM{ax = 680.8 nm), 27.8 nminax = 665, 662.8, and 662.4 nm in panels-&, respectively), and 31.6 NMax

= 640.1 nm).

e were closed in the PS I-lesblL~ strain, the two 680 nm

1.0 components became slightly sloweriicreasing to 480 ps
) and 1.48 ns, respectively), whereas their relative amplitudes
g 0.8 increased considerably, as expected from the considerable
& variable fluorescence in this strain (see Figure 8A).
o 061 In the lhcht/cao™ mutant, the lifetimes of the two fastest
3 components of fluorescence decay (associated with energy
B 0.44 : transfer within phycobilisomes; peak maxima at 640 and
§ HyE 650—-660 nm) were virtually identical to the lifetimes of the
i 0.2- Ly corresponding components in the parental PS |-dbdis/
j strain. One of the major differences between the two strains
0.0 dmetes was a significant broadening of the slower components (

620 640 660 680 700 720 740 > 370 ps), which were shifted to the blue by about 10 nm
Emission wavelength, nm in the Ihcb*/cacot strain. This suggests the involvement of
- o R . wre f U . fmuItipIe pigments in the fluorescence decays with 370
IGURE 9. oom-temperature tluorescence emission spectra o i _ ini i i
intactlhcb*/cac’ cells @) and of phycobilin-free thylakoids isolated ps in chiorophyllb-containing PS Ii Complexes. Tak_lng Into
from these cells-£, O). Excitation was at 435 nm-, M) or at account that chlorophylh does not contribute considerably

460 nm (). The chlorophylb/a ratio in the cells and in thylakoids  t0 the fluorescence in thacb*/cao”™ mutant (see Figure 9),
was 3.1. the components witlh = 370-390 ps andr = 1.28-1.31

ns are likely to reflect reactions taking place in PS Il with

: 5 . .
evaluated by its global” value and weighted residual plots the excitation equilibrated between PS Il chlorophylls,

(data not shown). For both strains five lifetime components ) ) i >
were sufficient for a good fit. terminal emitter(s) of phycobilisomes, and allophycocyanin;

The decay-associated fluorescence spectrum of the I:,éhe equilibrium is substantially shifted toward excited allo-
I-lessthiL~ strain contained two short-lived components ( phycocyanin in the presence of chlorophyylin PS Il.
= 2427 ps and: = 160-170 ps) with fluorescence maxima ~_ The slowest component of the fluorescence deaay- (
around 640 and 656660 nm, representing phycobilisome 35 ns) with an emission maximum at about 680 nm had
components. The decay time of these short-lived componentsvery small relative amplitude in both the PS I-lesdl
was not affected by reduction state of @ PS II. Judging parental strain and in theao'/Ihcb™ mutant. This component
from their spectral characteristics, the227 ps component is often assigned to emission from excitonically disconnected
may be due to fluorescence of phycocyanin transferring Pigments 26). However, an increase in the amplitude of the

energy to allophycocyanin, whereas the 3800 ps com- 3.5 ns emission observed upon the closure of PS Il centers
ponent may represent the excited allophycocyanin transfer-Suggests contribution of PS I pigments to this slowly
ring energy to the terminal emitter and to chloropheiin decaying fluorescence emission component.

the PS Il core. The other three components with lifetimes  Time-Resaled FluorescenceExcitation at 435 nmTo
ranging from 300 ps to 3.5 ns peaked at 680 nm. This investigate energy transfer and trapping in chlorophyll
wavelength corresponds to emission from chloropayhd b-containing reaction centers, fluorescence decay kinetics in
from the terminal emitter of phycobilisomes. In cells with whole cells were recorded upon predominant excitation of
open PS Il centers (dark-adapted, no DCMU added), the mainchlorophyll a at 435 nm. In this experiment, we were
components of fluorescence peaking at 680 nm decayed withespecially interested in short-lived components of fluores-
lifetimest = 400 ps and = 1.36 ns; the amplitude of the cence decayr(~ 25—100 ps), which reflect a composite of

7 = 400 ps component dominated. When the PS Il centers excitation energy transfer and primary charge separation in
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Ficure 10: Decay associated spectra of fluorescence emission upon phycobilin excitation at 600 nm. The chlof@patit in the
Ihcb™/cac™ mutant was 1.2. The amplitudes of selected components were multiplied by the factors indicated in the figure.

Table 2: Analysis of Fluorescence Decay upon Chloropayixcitatior?

amplitudes and lifetimes of decay components

emission
culture Chlb/a wavelength, nm  F,orFn, globaly? 1st 2nd 3rd 4th
PS I-lessthiL™ 0.0 680-700 Fo 1.09 39.8+11 45.7+£ 1.5 12.6+ 0.9 1.9+0.3
70 ps 300 ps 1.0ns 29ns
Fm 1.12 41.3+ 8.7 50.1+ 8.4 8.6+ 0.4
310 ps 1l.4ns 29ns
Ihcbt/caot 1.2 680-700 Fo 1.10 18.2+ 6.5 61.9+ 5.2 175+ 1.0 2.3+03
60 ps 280 ps 1.0ns 3.3ns
Fu 1.12 46.4+ 0.4 43.8+ 2.1 8.1+ 1.0
270 ps 1.3ns 3.5ns
Ihcbt/caot 2.8 680-700 Fo 1.06 65.1+ 1.4 29.7£ 1.9 5.2+ 0.6
300 ps 1.0ns 3.3ns
Fu 1.06 41.4+ 0.9 475+ 1.4 11.0+ 04
330 ps 1.2ns 3.6ns
Ihcbt/cact 2.8 660 Fo 1.09 64.9 28.3 6.8
320 ps 1.0ns 3.36ns
Fu 1.08 42.8 43.5 13.6
330 ps 1.2ns 3.6ns

a Fluorescence lifetime components in the PS I-lgdk/ strain and in théhch*/cao™ mutant with different chlorophyb/a ratios obtained from
combined analysis of decays detected at 660, 680, 690, and 700 nm upon excitation at 435 nm. Considering that the fluorescern08 at680
is emitted mostly by chlorophyll, the decays at these wavelengths were analyzed globally and the obtained amplitudes were normalized with the
total amplitude at each wavelength taken to be 100% and then averaged over the three detection wavelengths. Emission data at 660 nm originated
from the same set of experiments as 6800 nm emission and were not averaged with data obtained at other wavelengths.

PS II (27, 28). Upon excitation at 600 nm, these reactions cells of the PS I-lesshIL~ parental strain four components
are masked by the relatively slow energy transfer from were required to obtain a good fit. The two major compo-
phycobilisomes to the PS Il complex. Table 2 summarizes nents of fluorescence decay in the parental strain had
the kinetic components obtained from global analysis of lifetimest = 70 ps andr = 300 ps with relative amplitudes
fluorescence recorded at 680, 690, and 700 nm correspondingf 40% and 46%, respectively. When PS Il centers were
to emission primarily from chlorophyl. In dark-adapted  closed by illumination in the presence of DCMU, the
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fluorescence decays could be adequately described by justape 3. Analysis of Fluorescence Decay upon Chiorophyll
three components with the = 310 ps andr = 1.4 ns Excitatior?

footgp;rgglrilttj dtggether contributing to more than 90% of the fUorescence ﬂuorescelf‘c‘é decf‘jﬁ?ompo”e”ts*
. o amplitude and lifetime
In dark-adapted cells of théhcbt/cac” mutant the emission.

. fluorescence nm Va 1st 2nd 3rd 4th
amplitude of the fast phase 70 ps) of the fluorescence = 680 100 16 63 18 3
decay elicited by 435 nm excitation decreased with an © ' 60ps 280ps 1.00ns 3.0ns
increase in chlorophyl content. The amplitudes of slower Fu 680 1.05 49 42 9
components increased accordingly (Table 2). In the dark- 308ps 1.13ns 3.6ns
adaptedhcb’/cao” cells with chlorophyllb/a ratio of 2.8, Fo 660 101 -36 71 25 4

- - 51ps 280ps 1.00ns 3.0ns
the fluorescence decay kinetics could be approximated by Fu 660 105 —53 75 20 5
just 3 components; no 6670 ps decay component was ' 28ps 310ps 1.06ns 2.9ns

apparent. .When. PS I center's were (.;losed’ a consistent aFluorescence lifetime components were determined irhtblg/

decrease in the lifetime of the intermediate component was cag- mutant upon selective excitation of chloropHylat 460 nm. The

observed (from~1.4 ns in the parental strain tel.2 ns in chlorophyll b/a ratio in the culture was 1.2.

the lhcbt/cao" cells with a chlorophyllb/a ratio of 2.8)

together with an increase in the lifetime of the slowest

component (from 2.9 to 3.6 ns). However, the changes DISCUSSION

in fluorescence lifetime in closed PS Il centers caused by In a previous paperl@) we described a PS I|-les$iL~/

the presence of chlorophylb were relatively minor as  lhcb'/caot (here referred ashcb/cao’) mutant of Syn-

compared to the changes in open PS Il centers. As theechocystissp. PCC 6803, which is able to synthesize a

steady-state fluorescence spectra of liheb"/cao™ cells significant amount of chlorophylb, a pigment that is not

show significant emission at 6570 nm (see Figure 9), presentin wild-type cells. The new pigment is a component

we have also performed time-resolved fluorescence measureof the PS Il complex, in which it replaces chlorophgll

ments at 660 nm in this mutant upon excitation at 435 nm. molecules typically present in this complex. Moreover,

Analysis of fluorescence decay kinetics at 660 nm (see Tablepheophytirb was detected in PS Il of tHach*/cao™ mutant

2) shows that fluorescence emission at 660 nnthirb*™/ (12). In this work, we undertook a detailed characterization

cao' cells with a chlorophylb/a ratio of 2.8 has essentially  of PS Il centers that containrtype pigments.

the same set of components and relative amplitudes as Chromophore Composition of PS s shown in Table

fluorescence emission at 68600 nm. This reflects a 1, preparations of chlorophylb-containing and control

dynamic equilibrium between pigments emitting~&@60 nm (chlorophyll b-less) PS Il core particles contained-338

(mostly allophycocyanin) and at680 nm (chlorophylla chlorophyll molecules/two pheophytins. These data strongly

and the phycobilisome terminal emitter) if the excitation suggest that every chlorophyll-binding site in PS Il of the

resides in the PS Il/phycobilisome complex for longer than |hcbh*/caot mutant is occupied by either chlorophyll or

300 ps. chlorophyllb and that the pheophytin-binding niches in the
Time-Resaled FluorescenceExcitation at 450 nmThe reaction center are filled with pheophytimor pheophytin

steady-state and time-resolved fluorescence measurement. Considering that the chlorophya ratio in Ihcb*/cac*

presented thus far revealed no significant contribution of cells can be as high as 3 when cells are grown at high

chlorophyllb to the fluorescence emitted by theebt/cac’ temperature (37C), PS Il centers in this mutant may contain
mutant. This suggests very efficient energy transfer from 27—29 chlorophyllb and only 9-10 chlorophylla molecules.
chlorophyllb to chlorophylla in thelhcb'/cac" strain. The Despite the substantial amount of chlorophplland

effective coupling between the two types of chromophores pheophytinb, most of the PS Il centers remain photochemi-
in the Ihcbt/caot mutant is supported by the results of cally active. For example, measurements of the maximum
fluorescence decay measurements in these cells upon selegate of oxygen evolution (see legend to Figure 3) on a per
tive excitation of chlorophyllb at 450 nm. The kinetic  chlorophyll basis indicate that in the chlorophyltontaining
components of fluorescence decay measured at 680 nm irstrain the number of functional PS Il centers is at least 75%
thelhcb/cao" cells with a chlorophylb/a ratio of 1.2 were of that in the control. This is confirmed by EPR quantification
similar upon excitation at 450 nm (Table 3) versus at 435 of Chl;" and Typ®* in thylakoids isolated fronthcb*/cact

nm (Table 2). However, introduction of a fast{ 30—50 and PS I-lesshlL ™ cells (data not shown). The high activity
ps) component with a large negative amplitude was required of chlorophyllb-containing PS Il centers may be related to
to fit the fluorescence decay data recorded at 660 nm. Thisthe fact that the chlorophyii/a ratio in PS Il reaction centers
negative component is likely to reflect energy transfer from was noticeably lower than in PS Il core particles (Table 1),
PS 1l core chlorophyll to phycobilisome pigments. Notice- suggesting that reaction centers are somewhat enriched in
ably, no increase in the relative contribution of the very slow the native chlorophyla. Interestingly, a similar situation was
component of fluorescence decay3 ns) was observed upon observed in the photosynthetic prokaryodearychloris
measurement of fluorescence decay at 660 nm. These datanarina in which chlorophylld is the dominant pigment in
are in line with the absence of a fluorescence increase atthe PS Il antenna; spectroscopy data indicate that PS Il
650-670 nm in the steady-state fluorescence emission reaction centers in this organism contain chlorophy29).
spectra measured in phycobilisome-free thylakoids upon their  Typical reaction center particles isolated from higher plants
excitation at 465 versus 435 nm indicating that essentially contain 6 chlorophyll molecules3(). The chlorophyllb/a

all chlorophyllb molecules are coupled to chlorophwgliin ratio in the preparation of PS Il reaction centers obtained
the Ihcbt/cao’ strain. from lhcb/caot Synechocystisells was about 0.8 (Table



1742 Biochemistry, Vol. 42, No. 6, 2003

1). Taking into account this ratio and assuming that
contamination of our preparation with extra chlorophylls is
minimal, one can estimate that-3 chlorophylla out of six

is substituted by chlorophyl in these reaction centers. The
substitution of chlorophylla for chlorophyll b in PS I

Vavilin et al.

that of pheophytina, depending on the solventl),
comparison of the intensity of bleaching at 650 vers@80
nm in chlorophyllb-containing PS Il core particles suggests
that the amount of reduced pheophytim this preparation
noticeably exceeds the amount of reduced pheoplay#s

reaction center is rather selective, as is evident from the shiftthe preparation of PS Il core particles from theb'/cao

of the absorption maximum of chlorophyli-containing
preparation to longer wavelength relative to the chlorophyll
b-less control (Figure 1). As will be discussed later, it is
likely that pheophytinb present in reaction centers of the
Ihcbt/cao™ mutant predominantly replaces pheophydim

the active branch. Most authors place thgt@nsition of
the redox active pheophytia at wavelengths longer than
676 nm (8,31—33). Consequently, the loss of pheophytin
occurring upon isolation of reaction centers from kineb™/

strain has approximately equal amounts of pheoplhayind
pheophytinb, the data shown in Figure 3 indicate that
pheophytinb is predominantly located on the active branch
of PS Il

As evidenced from experiments on substitution of (bac-
terio)pheophytin located in the active branch of electron-
transfer pathway in bacterial reaction centers, the important
determinant of the efficiency of electron-transfer reaction in
modified complexes is the redox midpoint potential of

cao"” mutant (see Table 1) cannot be the sole reason for theelectron carriers3g, 39; see also refi0). A first approxima-

observed spectral changes in chloroplytdontaining reac-
tion centers.

tion of the E;, value of pheophytirb/pheophytinb~ couple
in PS Il may be obtained from comparison of thgvalues

A preferential decrease in absorption at about 670 nm in for pheophytinb and pheophytir in organic solvents. This

PS Il reaction center particles of tHbcb*/cac” mutant
suggests the loss of chlorophylmolecules absorbing at

approach is complicated by the fact that Bg value for
pheophytinb reduction appears to be present in the literature.

rather short wavelengths. Considering that on average abouHowever, we expect the midpoint redox potential of pheo-

3 out of 6 chlorophyllsa have been substituted for
chlorophyllb in thelhcb*/cao™ reaction centers, the replace-
ment of two chlorophyllsa absorbing at short wavelengths
and one chlorophyk absorbing at long wavelength is most

phytin b in vitro to be fairly close to that of pheophytmas
replacement of the methyl group by an aldehyde at position
7 of ring B (IUPAC numbering) should have a minor effect
on the midpoint redox potential of a corresponding chlorine.

compatible with our data. The replacement of low-energy Indeed, as shown by Fajer and coauthd4),(the E;, of

absorbing chlorophyk with chlorophyllb is consistent with

bacteriopheophytirt/bacteriopheophytirt™ couple differs

a small blue shift in the 77 K fluorescence emission spectrum from that of bacteriopheophytiglbacteriopheophytie™ by

observed in chlorophyl-containing reaction center prepara-

only 0.03 V (bacteriopheophytins and e have chemical

tions (Figure 2). Most experimental data suggest that the structures essentially similar to that of pheophygrendb,

peripheral chlorophylls (Chland Chf) have the most blue-
shifted absorption3, 32, 34), whereas the B accessory
chlorophyll has the most red-shifted absorpti@ngee also
ref 35). However, the assignment of which chlorophydls
have been replaced by chlorophyllin the PS Il reaction

respectively). Thek, value of a porphyrin can also be
estimated considering that the primary oxidation minus
reduction potential differencE,** — Eqy¢4 of porphyrins is
generally close to the singlet excitation energy of these
molecules 41). Using the available value &> = +1.23

center based exclusively on absorption characteristics ofV for pheophytinb dissolved in propionitrile42) and taking
isolated reaction centers is equivocal because of heterogeneitynto account that the absorption maximum of pheophytin
in pigment composition between complexes. Moreover, the b in organic solvents is at about 650 nfr6), the E,"*d value

removal of the core antenna and loss afcuses structural

of the pigment can be estimated to be abe0t66 V. This

change in the reaction center and perturbs the absorptionis very close to the values of reduction potentials of

properties of individual chromophore86, 37). This per-

pheophytina measured in vitro{0.64 to—0.78 V; see ref

turbation may have a more pronounced and rather unpredict-41) and in vivo (—0.61 V; refs43 and 44). Consequently,

able effect in chlorophylb-containing reaction centers, which
lose both Q and one of their pheophytins.

Pheophytin b as an Intermediate Electron CarrigF
lumination of PS Il core particles from thiecb*/cac™ mutant
of Synechocystisn the presence of dithionite caused a

thermodynamic properties of pheophytim in organic
solvents do not preclude this pigment from participation in
electron-transfer reactions in lieu of pheophyin

The Bleaching at~650 nm When following primary
charge separation in PS Il core particles from theb®/

pronounced bleaching at 418, 440, 650, and 679 nm (Figurecao" mutant upon 685 nm excitation, bleaching bands
3). The decrease in absorption at 418 and around 680 nmcentered around 678 and 650 nm were observed (Figure 4).

corresponds to photoaccumulation of reduced pheophytin

The 650 nm band was absent in PS Il particles of the PS

whereas the bleaching at 440 and 650 nm can be readilyl-lessthiL™ parental strain lacking thé-type pigments

explained by reduction of pheophytinPheophytin reduction
leading to the formation of the pheophytin anion radical is

(Figure 4). The transient absorption decrease around 650 nm
in chlorophyll b-containing PS Il can be attributed to the

generally characterized by a strong decrease in absorptiorformation of reduced pheophytib and/or oxidation of

around the Qand Soret absorption bands of the molecule
(23, 24). The changes in absorption in the €pectral region

chlorophyllb, as both of these pigments undergo substantial
bleaching at their @ transition around 650 nm upon

upon formation of the pheophytin radical can be assumed formation of the anion and cation, respectively. As will be

to be roughly proportional to the extinction coefficient of
the corresponding pheophytin at this wavelength (se2def
Taking into account that the in vitro extinction coefficient
of the Q absorption band of pheophytimis 55-80% of

explained below, the relative contribution of these two
species to the 650 nm bleaching is likely to change during
the 1 ns measuring window. Significant bleaching-&50

nm cannot be due to the localization of excitation on
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Active branch Inactive branch

chlorophyllb in a dynamic equilibrium with excited chloro-
phyll a because of (i) the long lifetime of the 650 nm
bleaching bandX1 ns) as compared to the average lifetime
of excited chlorophyl in PS Il (see Figure 10) and (ii) the
large energy gap between thg @ansitions of chlorophyll

a and chlorophyllb (~30 nm).

Flash-induced evolution of PS Il absorption spectra around

& 0' a@ €
680 nm in the pico- to nanosecond time domain is rather

complex and reflects a number of processes, such as decayicure 11: Proposed arrangement of chromophores in PS I

of the excited state of chlorophyll accompanied by formation
of P680'Pheo charge pair and the parallel disappearance
of stimulated emission, the oxidation of Pheloy Qa, and

concomitant electrochromic shifts in absorption of PS I

reaction centers of théhcb/cac® mutant. Chlorophylls and
pheophytins are shown as diamonds and circles, respectiely;
and b-type pigments are transparent and shaded, respectively.
Chromophore-binding sites for which there is no experimental
evidence whether they are occupied by chloropaylt chlorophyll

reaction center chromophores. Values for the rate constantb are half-shaded.

of intrinsic charge separation in PS Il cited in the literature
vary from ~(3 ps)?! (45) to ~(20 ps)*! (46). The rate
constant of electron transfer from Phetm Qa in open PS

Il centers is about (308 100 ps)* (47), whereas reduction
of P680" by Tyrz occurs via multiphasic kinetics with the
rate-constant of the fastest reaction being about (20'ns)
(48). On the basis of the typical rates of photochemical
reactions in PS II, the fast~5 ps) phase of absorption
increase at~680 nm after photoselective excitation of

reaction center chlorophylls may be attributed to the absorp-
tion changes accompanying primary charge separation,

whereas slower phase(s) 100 ps) primarily may be due to
electron transfer from Phedo Qa. Taking into account the
similarity in absorption changes around 680 nm in PS Il core
particles of the PS I-lessiL~ andlhcb*/cac" strains, the

rates of primary charge separation and electron transfer from

Pheo to Qa may be very similar in the two types of PS II,
despite possibly a small difference in tBg values of the
redox active pheophytins. The development of+&50 nm

apparently high yield and without significant impairment of
oxygen evolution. Therefore, the oxidized chlorophill
molecules are unlikely to be the peripheral chlorophylls §Chl

or Chk) of the PS Il reaction center. Our data also show
that Incb*/cao’ cells have a somewhat slower rate of Q
charge recombination with the donor side and a 3- to 4-fold
reduced yield of delayed luminescence that accompanies this
recombination (Figure 5). As explained in the next para-
graphs, these results can be rationalized by assuming that in
the modified reaction centers the monomeric accessory
chlorophyll Bs is chlorophyllb, whereas the nearby special
pair chlorophyll R remains chlorophyla (Figure 11); both

of these chlorophylls are transiently oxidized upon charge
separation in PS 1.

According to the scheme presented by Diner and coauthors

(3, 9), the excitonic pathway of charge recombination
primarily leads to reexcitation of ;Pand By chlorophylls

bleaching (Figure 4C) had about the same rate as the fas(i.€. the formation of * and B,*). In addition, positive

phase of disappearance of the bleaching®@80 nm (Figure
4D), suggesting that-650 nm absorption changes reflect
primary charge separation, accompanied by pheopfoytin
reduction and possibly by chlorophyiloxidation.

About 1 ns after excitation of PS II, the majority of
functional wild-type PS Il centers are in the P68}~ state
(27) and P680 is the major contributor to absorption changes
in the red region of the spectrum. If electron transfer from
pheophytin £) to Qa is not significantly affected in
chlorophyllb-containing PS Il centers, the major component
responsible for bleaching at 650 nm 1 ns after excitation is
likely to be chlorophyllb®. However, a contribution of
reduced pheophytib cannot be excluded. If chlorophyal”
is indeed the major component responsible for 650 nm
bleaching, the amount of chlorophydtf in PS Il particles 1
ns after the flash can be up to 40% of that chloroplayll
assuming that (i) the differential extinction coefficients for
the chlorophylib/chlorophyll b* and chlorophylla/chloro-
phyll a* pairs are roughly proportional to,Qand absorption
of the corresponding chlorophyll and (ii) in the, @gion
chlorophyllb absorbs 40% less than chlorophgllsee ref
16).

Which Chlorophyll b Is Oxidized in the Reaction Center?
Comparison of the intensities of the 650 and 678 nm

and negative charge pairs at the donor and acceptor sides of
PS Il can recombine nonradiatively (i.e. without formation
excited chlorophyll) by direct electron transfer from reduced
Qa~ (Pheo) to Py™ (18, 49). The R and B, chlorophylls

in PS Il reaction centers frorBynechocystifave their Q
transition maxima at 672673 and 682 nm, respectivelg)(
which implies that energy difference betweett Bnd By*

is ~30 meV. Consequently, the probability of formation of
Ba* upon P"Qa~ charge recombination in control reaction
centers at room temperature is about 3.5 times higher than
formation of R*. If B 4 is chlorophyllb and R is chlorophyll

a, as proposed above for chlorophigicontaining reaction
centers, then the radiative decay of P8R~ through B*
should be minimal and most of radiative decay will occur
through R*. Given the Q transition of chlorophylb is at
~650 nm, in these chlorophyl-containing PS Il centers
the formation of R* rather than B* is favored by a factor

of 20 at room temperature and most of the delayed
luminescence in these centers is emitted through Phe
higher energy level of £ in chlorophyll b-containing centers
relative to that of R in wild-type reaction centers favors
nonradiative path(s) of £ charge recombination. As a
result, the Q- decay in DCMU-treated chlorophylb-
containing PS Il slows down, which indeed is observed

bleaching bands 1 ns after flash excitation suggests thatexperimentally (Figure 5A).
nearly one-third of the PS Il centers have a positive charge The energy of excited £(~1840 mV) is very close to

on chlorophyllb rather than on chlorophyé. The oxidation
of chlorophyll b is completed in less than 1 ns, with

the E* — Eq'®? difference measured for chlorophydlin
vitro (1830 mV; ref 41). Consequently, electrochemical



1744 Biochemistry, Vol. 42, No. 6, 2003

properties of chlorophylb do not preclude transient reduction
of this pigment during electron transfer from B pheo-
phytin.

The oxidation potential of chlorophylb measured in
organic solvents in vitro is generally 0.1 V more positive
than that of chlorophylla (41). The estimated oxidizing
potential of P680 chlorophyli(s) is 0.39.45 V higher than
the oxidizing potential of chlorophyH in vitro (see ref49)
due to pigmentprotein interactions. Therefore, if oxidized
chlorophyllb occupies the site of any of the special pair or
accessory chlorophylls, the protein environment is expected
to shift the oxidation potential of chlorophyti to a lesser
extent than that of chlorophyd, as otherwise a considerable
accumulation of chlorophylb™ would not occur. In normal
reaction centers, thE,, value for the R/Ba™ chlorophylla
pair was suggested to be more positive than that.d®PP
by more than 40 mV 9). In the case of chlorophyll
b-containing PS I, for which we suggest the replacement
of chlorophyll a with chlorophyll b at the B site, the
proposed chlorophyb™ to chlorophylla® ratio of 1 to 2 is
compatible with a~20 mV difference inE,, values of the
Ba/Ba™ and R/Pa™ pairs.

Energy Transfer in Chlorophyll b-Containing PSWhen
measuring the fluorescence emission spectra in chlorophyll
b-containing Synechocystisells, we observed a strong
increase in the allophycocyanin fluorescence-a65 nm,
even if chlorophylla or b was predominantly excited.

Vavilin et al.

between the excited PS Il antenna and charge separation in
the reaction center.

Mechanistically, such a deceleration of equilibration (and,
effectively, of energy transfer) in chlorophyidtcontaining
PS Il may be due, for example, to substitution of the C12
and C30 chlorophylls of the CP43 and CP47 proteins,
respectively, by chlorophyb; these two chromophores were
proposed to be responsible for 50% of the energy transfer
to the reaction center2g). Introduction of chlorophyllb
at the site of these or other chlorophylls that excitonically
couple the antenna and reaction center pigments may
“trap” excitation on chlorophyll molecules associated with
CP43 and CPA47 proteins, thereby increasing the lifetime
of fluorescence and raising thg, level in chlorophyll
b-containing PS Il centers.

CONCLUDING REMARKS

The study of thdhcb'/cao™ mutant of Synechocystisp.
PCC 6803 shows that chlorophydican functionally replace
chlorophylla molecules in PS Il. Being associated with CP43
and CP47 proteins, chlorophyb functions as a light
harvesting pigment. Light energy absorbed by chlorophyll
b is efficiently transferred to nearby chlorophglmolecules
and can be used for charge separation in the PS Il reaction
center, although energy transfer from PS Il core chlorophylls
to reaction center pigments appears to be disturbed in the

Comparison of fluorescence decay kinetics revealed that thepresence of chlorophyth. Chlorophyllb can participate in

long-living (z > 300 ps) components describing the emission
around 660 and 680 nm have similar lifetimes and relative
amplitudes. This indicates that300 ps after the flash
excitons in photosynthetic complexes are thermally equili-
brated among allophycocyanin, the terminal emitter(s) of
phycobilisomes, and chlorophyll of PS II. In fact, the
equilibration of exciton distribution may occur even faster
than within ~300 ps as in théhcb*/cao' strain selective
excitation of chlorophyllb resulted in intense allophyco-
cyanin fluorescence within 3660 ps after the flash (see
Table 3). Due to the presence of chlorophlyllof which
singlet excited-state energy is higher than of chlorophyll
and allophycocyanin, the excitonic equilibriumlivcb*/cac’
cells is more shifted to allophycocyanin.

Another striking feature observed upon excitation of
chlorophylla at 435 nm was the nearly complete disappear-
ance of the fast{60—70 ps) component of fluorescence
decay typical for open PS Il centers, with a corresponding
increase in the amplitude of slower components (see Table
2). The most commonly accepted interpretation of the fast
fluorescence decay component is that it reflects equilibration
between a state with an excitation in PS Il and a charge-
separated P68®heo state R7, 28). If energy transfer to

the reaction center and/or energy trapping slow, the fastest

phase of fluorescence decay will become smaller and slower.
Upon 685 nm laser flashes, primarily exciting reaction center
chlorophylls, transient absorption changes around 680 nm
in the Ihcb/cact PS Il cores and PS Il cores from the
parental strain were similar (Figure 4D) suggesting that the
intrinsic rate of charge separation in chloropty/ttontaining

and parental PS Il is similar. Therefore, the progressive

decrease in the amplitude of the fast phase of fluorescence

decay with an increase in chlorophydla ratio in lhcb™/
cao" cells may be a consequence of slower equilibration

electron-transfer reactions in the PS Il reaction center without
apparent impairment of reaction center function. The data
presented here are consistent with the replacement of the
Ba chlorophylla by chlorophyllb, whereas the £chromo-
phore in thelhcbf/cao" strain is likely remain chlorophyll

a. If so, charge separation in chlorophiglicontaining PS I

is expected to be initiated exclusively from the special pair
chlorophylls (as in bacterial reaction centers) rather than from
primarily Ba* as has been suggested for the wild-type PS II
(see ref3). Pheophytinb, which replaces pheophytia
molecules in the photochemically active branch of the PS Il
reaction center of thiacb*/cao" mutant, can act as a primary
electron acceptor and transfer an electron ton@h nearly

the same efficiency as pheophyti This illustrates the
considerable flexibility of PS Il with respect to the exact
molecular nature of important cofactors.
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