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ABSTRACT: The lumenal CD loop region of the D2 protein of photosystem II contains residues that interact
with a reaction center chlorophyll and the redox-active TyrD. Using combinatorial mutagenesis,
photoautotrophic mutants ofSynechocystissp. PCC 6803 have been generated with multiple amino acid
changes in this region. The CD loop mutations were transferred into a photosystem I-lessSynechocystis
strain to facilitate characterization of photosystem II properties in the mutants. Most of the combinatorial
photosystem I-less mutants obtained had a high yield of variable fluorescence,FV. However, in three
mutants, which shared a replacement of Phe181 by Trp, theFV yield was dramatically reduced although
a high rate of oxygen evolution was maintained. A site-directed F181W D2 mutant shared similar properties.
Picosecond time-resolved fluorescence measurements revealed that in the combinatorial F181W mutants
the fluorescence lifetimes in closed and open photosystem II centers were essentially identical and were
similar to the fluorescence lifetime in open centers of the control strain. These results are explained by
quenching of variable fluorescence in the mutants by charge separation between Trp181 and excited reaction
center chlorophyll. This reaction competes efficiently with fluorescence and nonradiative decay in closed
photosystem II centers, where the lifetime of the excitation in the chlorophyll antenna is long.
Thermodynamic considerations favor the formation of oxidized tryptophan and reduced chlorophyll in
the quenching reaction, presumably followed by charge recombination. A possible role of tryptophan-
chlorophyll charge separation in the mechanism of energy-dependent quenching of excitations in
photosynthesis is discussed.

Photosystem II (PS II)1 is a part of the photosynthetic
apparatus in plants and cyanobacteria that uses light energy
to catalyze reduction of plastoquinone by water (reviewed
in ref 1). Light energy absorbed by the light-harvesting
pigment molecules migrates to the reaction center and causes
electron transfer between the primary donor P680, consisting
of chlorophyll (Chl) a, and the primary electron acceptor,
pheophytin. To stabilize the charge separation, the electron
is transferred from pheophytin to the primary electron-
accepting plastoquinone QA and then to the plastoquinone
pool through the QB molecule. These cofactors are all bound
to the D1 and D2 proteins, which together form a het-
erodimer. The rereduction of P680+ to P680 occurs by
transfer of one electron from TyrZ (Tyr161 of D1) or TyrD
(Tyr160 of D2). TyrZOX oxidizes the Mn-containing oxygen-
evolving complex within 60-2000µs (2), whereas oxidized
TyrD remains stable for many minutes. The formation of QA

-

and subsequent reduction of P680+ are accompanied by an
increase in the PS II Chl fluorescence yield. The fluorescence
yield with QA in oxidized form is namedFO, whereas the
higher yieldFM reflects centers in P680QA- state. Analysis
of changes in the PS II variable fluorescence (FV ) FM -
FO) has become one of the most widely used approaches in
photosynthesis research and other areas of plant physiology
(reviewed in ref3-5).

The D2 protein of PS II, which together with the D1
protein binds the cofactors crucial for PS II photochemistry,
consists of five transmembrane helices. Helices C and D of
D2 are connected at the lumenal side by the CD loop
(residues 164-195), which plays a key role in the structural
environment around YD and Chl. His189 is a proton acceptor
for YD (6), Arg180 appears to be closely associated with
YD and an accessory Chl that contributes to the properties
of P680 (7), and Phe179 was proposed to provide ring
stacking forces to one of the accessory Chl molecules (8).

To evaluate the structural requirements for function of
redox-active components at the donor side of PS II, we have
employed a combinatorial mutagenesis approach to determine
the amino acid combinations in the CD loop region of the
D2 protein that support stable PS II function and significant
photoautotrophic growth. Using this approach, a large
number of combinatorial D2 mutants have been generated
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and the mutations were introduced into a PS I-less back-
ground to facilitate screening of their fluorescence charac-
teristics (9). In several mutants, the variable fluorescence
was dramatically reduced, although these mutants retained
normal PS II activity. The anomalous variable fluorescence
yield resulted from substitution of Phe181 of D2 by Trp.
This residue apparently can quench the excited state of one
or more Chl in the reaction center complex. The concept of
a quenching Chl-Trp interaction provides a novel mecha-
nism for energy-dependent quenching, modulating energy
transfer efficiency in photosynthetic systems.

MATERIALS AND METHODS

Growth Conditions.PS I-containing strains ofSynechocys-
tis sp. PCC 6803 were grown in liquid BG-11 medium (10)
at 28°C at 40µmol photons m-2 s-1. The PS I-less mutants
were grown at 30°C at 4µmol photons m-2 s-1 in a modified
liquid BG-11 medium supplemented with 10 mM glucose
and 10 mM TES-NaOH buffer (pH 8.2). In the modified
BG-11 medium, sodium nitrate was replaced by a combina-
tion of 1.12 g/L of sodium nitrate and 0.35 g/L ammonium
nitrate. Cultures were cultivated on a rotary shaker (volumes
of less than 1 L) or bubbled with air (for larger volumes).

Solid BG-11 medium (standard or modified) used for
segregation and maintenance of the mutants was supple-
mented with 1.5% (w/v) agar, 0.3% (w/v) sodium thiosulfate,
and 10 mM TES-NaOH buffer (pH 8.2). Moreover, 10 mM
glucose and appropriate antibiotics were added as required.

Combinatorial Mutagenesis.Combinatorial CD loop mu-
tants were constructed essentially as described in ref11with
the following modifications. A M13/psbDIC clone containing
part of thepsbDIC operon (a 2.9 kbEcoRV/EcoRI fragment)
and lacking codons 179-186 of psbDI (9) was used as a
template; the template had been propagated in thedut-ung-

E. coli CJ236 strain and thus contained uracil residues instead
of thymines at random positions (12). Subsequently, com-
binatorial mutations were introduced into this region. For
this purpose, a mixture of primers with a fully degenerate
sequence in the eight codons corresponding to the deleted
region and flanked on both sides by sequences of 20
nucleotides long that were identical topsbDI sequences
immediately adjacent to the deletion was hybridized with
the uracilated M13/psbDIC template carrying the deletion
at codons 179-186. After generation of heteroduplex phage
DNA by primer extension and ligation, the mixture was used
for transformation ofE. coli. Upon transformation, the
parental uracil-containing M13/psbDIC strand was prefer-
entially degraded, thus increasing the yield of mutations (12).
After amplification of the phage, double-stranded M13 DNA
was isolated and used for transformation of the obligatory
photoheterotrophic D2∆CD strain ofSynechocystis(9). This
strain lackedpsbDII, as well as thepsbDI region coding for
the CD loop of the D2 protein (residues G163-P195), and
carried a kanamycin-resistance cartridge downstream of
psbDIC. Photoautotrophic transformants that appeared on
BG-11 plates without glucose were selected, andpsbDI was
sequenced in the region coding for the CD loop in order to
determine the nucleotide sequences in the mutants that satisfy
the requirement for photoautotrophic growth. To allow a
more detailed characterization of selected combinatorial
mutants, genomic DNA was isolated and used for transfor-

mation of the PS I-lesspsaAB-/psbDIC-/psbDII - Syn-
echocystissp. PCC 6803 strain (13) followed by selection
for kanamycin resistance (a kanamycin-resistance marker
linked topsbDI was present in the D2∆CD strain and in the
photoautotrophic combinatorial mutants). Only those trans-
formants that did not incorporate thepsaAB operon (distin-
guished by the blue-green color of the colonies) were used
in further experiments.

Site-Directed Mutagenesis.Site-directed mutations were
introduced into the D2 protein ofSynechocystissp. PCC 6803
by transformation of the obligatory photoheterotrophicSyn-
echocystisD2∆CD strain with M13 clones carrying the
desired mutation inpsbDI (14). Transformants were selected
for photoautotrophic growth. Genomic DNA was isolated
from the resulting site-directed mutants, was sequenced in
the appropriatepsbDI region, and was used for transforma-
tion of the psaAB-/psbDIC-/psbDII - Synechocystisstrain
in order to obtain the desired mutant in a PS I-less
background.

Chlorophyll Fluorescence.Fluorescence induction was
detected with a PAM fluorometer (Walz, Effeltrich, Ger-
many) and recorded using FIP fluorescence software and an
ADC-12 card (QA-Data, Turku, Finland). A cell suspension
of PS I-less cells, containing about 1µg of Chl mL-1, was
placed in a Walz cuvette, incubated for 5 min in darkness in
the presence of 10µM DCMU [3-(3,4-dichlorophenyl)-1,1-
dimethylurea], an inhibitor of electron transfer from QA to
QB, and then illuminated for up to 5 s with red monitoring
light pulses delivered at a frequency of 100 kHz (light
intensity: 20µmol photons m-2 s-1 ). NH2OH (hydroxyl-
amine), which acts as an electron donor to TyrZ

OX, was added
to the samples in the dark simultaneously with the DCMU
as indicated.

Fluorescence Decay Kinetics.To monitor the lifetime of
excited states in the pigment bed, time-resolved fluorescence
was measured at room temperature in a single-photon-timing-
spectrometer as described in ref15. Fluorescence was excited
by a cavity-dumped dye laser system (Coherent), synchro-
nously pumped by an 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. Emission was detected with a microchannel plate
photomultiplier tube (Hamamatsu R2809U-01) through a
double monochromator with 4 nm band width (Jobin-Yvon
DH-10). The full width at half-maximum of the instrument
response function was 30-40 ps. Cyanobacterial cells were
diluted to a concentration of about 1µg of Chl/mL and stored
in a 2 Lreservoir. Cells were pumped through a flow-through
cuvette (dimension of the window 1.5× 10 mm) at a rate
of 15 mL/s. To measure fluorescence decay in open PS II
centers, the reservoir and tubes leading to and from the
cuvette were covered with black cloth. If closed PS II was
desired, 50µM DCMU was added to the suspension and
the reservoir was continuously illuminated with white light.

Oxygen EVolution.To determine the oxygen evolution rate
of PS I-less cells, samples taken from liquid cultures (Chl
concentration 0.8-1.2 µg mL-1) were illuminated (5000
µmol photons m-2 s-1) at 25 °C in the presence of 1 mM
K3Fe(CN)6 and 0.2 mM DCBQ (2,5-dichloro-1,4-benzo-
quinone), and the oxygen level was monitored using a Clark-
type electrode.
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Oxygen EVolution in Single TurnoVer Flashes.Flash-
induced oxygen evolution was measured at 20°C using a
Joliot-type oxygen electrode equipped with a programmed
flash illumination and data acquisition systems as described
in ref 16. A suspension of PS I-less cells of cyanobacteria
was first concentrated by centrifugation and then resuspended
in a small volume of fresh BG-11 containing 50µM DCBQ
and concentrated again. The resulting paste was spread on
the electrode and kept in darkness for at least 15 min before
applying saturating flashes.

RESULTS

Photosynthetic Characteristics.Mutants with combinato-
rial sequences at residues 179-186 of the D2 protein were
generated by transformation of the D2∆CD strain with a
mixture of M13 DNA carrying combinatorial sequences of
codons 179-186 ofpsbDI. Transformants capable of photo-
autotrophic growth were selected. A total of 14 different
photoautotrophic mutants with combinatorial mutations in
this region has been obtained (9). Subsequently, DNA from
the mutants was introduced into apsaAB-/psbDIC-/psbDII-

strain to generate these mutants in a PS I-less background
to facilitate PS II analysis. Three of the 14 mutants (C7-3,
C7-4, and C7-10) showed a very low variable fluorescence
yield (FV) in the presence of DCMU, withFV/FO ) 0.2-
0.5 as compared to 1.6-2.1 in the other mutants and 2.1-
2.3 in the control (Figure 1A). TheFV/FO ratio was also low
in the C7-3, C7-4, and C7-10 mutants (but not in the control
strain) when the fluorescence induction was recorded in the
absence of DCMU even when the cells received additional
illumination with red light at 100µmol photons m-2 s-1.
NH2OH, added to the samples simultaneously with DCMU,
partially restored the yield ofFV in the C7-4, but not in C7-3
and C7-10 mutants (Figure 1B).

Even though the C7-3, C7-4, and C7-10 mutants had a
very low FV yield, they showed close to normal rates of
oxygen evolution and significant photoautotrophic growth
rates in PS I-containing cells (Table 1). Moreover, the
oscillation pattern of oxygen evolution upon excitation of
the cells by saturating single-turnover flashes was normal
(Figure 2). The steady-state 77 K fluorescence emission
spectra (excitation at 420 nm) were almost identical in the
PS I-less control and the C7 strains with lowFV (data not
shown). These results indicate that PS II function was
essentially unaltered in the three mutants despite the very
low yield of FV. The reason for the decreased growth rate
of C7-3, C7-4, and C7-10 (Table 1) may be a somewhat
decreased quantum yield of PS II. As shown in Figure 3,
the amount of light needed for half-maximal oxygen evolu-
tion is about twice higher for the C7-4 mutant than for the
control.

The most obvious common feature of the three mutants
virtually lacking variable fluorescence was that they carried
a Trp residue at position 181 (a Phe is present in the wild-
type) (Table 1). Amino acid residues that were adopted at
position 181 in the other photoautotrophic mutants were Ile,
Leu, Tyr, and Cys or the wild-type Phe. To determine
whether the unusual fluorescence characteristics of the C7-
3, C7-4, and C7-10 mutants were explicitly due to the Phe181
substitution by Trp, two site-directed mutants were con-
structed. In one mutant, designated F181W, Phe181 of the

D2 protein was replaced by Trp, whereas other amino acid
residues in this region remained unchanged. The amino acid
sequence of the second mutant (C7-4/W181F) was identical
to that of C7-4 except that Trp181 was replaced by Phe, the
residue present at this position in the wild-type. As shown
in Table 1, the single amino acid replacement in the F181W
mutant was enough to quenchFV considerably, whereas the
reverse W181F substitution in the C7-4 mutant restored an
almost normalFV yield.

Picosecond Fluorescence Decay.To further investigate the
excitation energy transfer and utilization by PS II in the CD
loop mutants, the picosecond fluorescence decay kinetics
were compared in the PS I-less C7-4 mutant and the PS I-
less control. Figure 4 shows the decay of fluorescence
recorded at 690 nm with PS II reaction centers open (QA

oxidized) and closed (QA reduced). The excitation wave-
length was set at 595 nm (phycobilisome excitation). When
PS II centers are open, the decay curves were similar in the
control and the C7-4 mutants. In this case, the decay can be
satisfactorily fitted to a sum of two components, withτ1 )
250-260 ps andτ2 ) 1.4 ns with relative amplitudes of 93
and 7%, respectively. The major 250-260 ps component of
the fluorescence decay is likely to stem from energy transfer

FIGURE 1: Induction kinetics of variable fluorescence measured in
the presence of 50µM DCMU (A) or 50 µM DCMU and 0.5 mM
NH2OH (B) in the control strain and the C7-2, C7-3, C7-4, and
C7-10 mutants. All mutants and the control strain are in a PS I-less
background. The C7-2 mutant carried the sequence FVIVRIF at
codons 179-186 of D2. The changes in the amino acid sequences
in the other mutants are listed in Table 1. The fluorescence intensity
of every mutant was normalized to theFO value of DCMU-treated
samples.
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to the terminal emitter together with Chl fluorescence
originating from the PS II core (15). As expected, closure
of PS II centers resulted in a much slower fluorescence decay
in the PS I-less control strain. This decay can be deconvo-
luted into two components withτ1 ) 430 ps andτ2 ) 1.6
ns; both phases have similar amplitudes. In contrast, closure
of PS II centers in the C7-4 mutant induced only minor

changes in the fluorescence decay kinetics as compared to
the decay in open centers: the lifetime of the fast component
increased slightly (τ1 ) 320 ps) whereas the slow component
remained essentially unaffected (τ2 ) 1.6 ns); the relative
amplitudes of the two phases were identical to those found
in the case of open centers (93 and 7%, respectively). The
sum of the amplitudes of fluorescence decay components
multiplied by their respective characteristic lifetimes (∑Aiτi)
reflects the yield of Chl fluorescence. Therefore, replacement
of Phe181 by Trp in the D2 protein reduces theFM yield
but leaves theFO yield essentially unaffected.

DISCUSSION

Substitution of Phe with Trp at the 181 position of the
CD loop in the D2 protein ofSynechocystis sp. PCC 6803
resulted in a 5-10-fold quenching ofFV and a 2-fold
decrease in the quantum yield of PS II, but otherwise PS II
function was normal. The mutants with Cys, Ile, Leu, Tyr,
or the wild-type Phe have normalFV, indicating a specific
correlation between the presence of Trp at position 181 and
the large decrease inFV.

To understand this effect, first the location and orientation
of residue 181 should be discussed. On the basis of sequence
and functional similarity of the PS II reaction center with
the photosynthetic reaction center of purple bacteria, it was
proposed that amino acid residues 177-188 in the CD loop
of the D2 protein form anR-helix almost parallel to the
membrane plane, with the residues at one side of the helix
facing toward an accessory Chl in the reaction center (17).

Table 1: Selected CD Loop PS II Mutants and Their Photosynthetic Characteristics

a The doubling time of the wild typeSynechocystisstrain was 10.5( 1.0 h. b Rate of oxygen evolution was measured upon illumination with
continuous saturating light (5000µmol photons m-2 s-1) in the presence of 0.2 mM DCBQ and 1 mM K3Fe(CN)6.

FIGURE 2: Oscillation pattern of oxygen evolution induced by a
sequence of saturating single-turnover flashes in the control strain
(0) and in the C7-4 (9) mutant. The mutant and the control strain
are in a PS I-less background. The time interval between flashes
was 0.4 s. Each point represents an average of three to four
measurements. Error bars are shown for the control. Data obtained
for the C7-4 mutant had similar error bars.

FIGURE 3: Light-response curves of oxygen evolution measured
in the PS I-less control strain (0) and C7-4 mutant (9) in a PS
I-less background. The maximum oxygen evolution rate was 1460
µmol O2/(mg of Chl h) for the C7-4 mutant and 1840µmol O2/
(mg of Chl h) for the control. 0.2 mM DCBQ and 1 mM K3Fe(CN)6
were added to the cells as electron acceptors.

FIGURE 4: Fluorescence decay kinetics measured in intact cells of
the control and C7-4 PS I-less strains with PS II reaction centers
open or closed.
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Experimental support for the helical configuration of this
part of the CD loop comes from the observation that Arg180,
which is present in the wild-type and which is important for
the normal PS II charge separation and TyrD function (7),
can be shifted to position 184, or one turn of the helix away,
without loss of photosynthetic capacity of the resulting
mutants (9). The Arg180 residue appears to be in close
contact with YD and with a Chl that is part of the reaction
center (7). Orientation of residue 180 toward the membrane
is clear on the basis of experimental evidence, but had not
been expected on the basis of homology modeling (18).
However, sequence similarity between PS II and the reaction
center of purple bacteria is very poor in the CD loop region.
As Arg180 is expected to interact with YD and the reaction
center Chls, it is plausible that the indole group of the
neighboring residue is also close to the reaction center
pigments.

A low yield of FV may be caused by (i) a long lifetime of
the quencher P680+ (for example, due to limitations in
electron transfer at the donor side of PS II), (ii) presence of
other oxidized Chls, such as ChlZ

+, a redox-active Chl
associated with His118 in the D1 subunit of PS II that can
be accumulated upon illumination at 77 K (19) but not
necessarily at room temperature, and (iii) close proximity
of other fluorescence quenchers. We do not favor the idea
that oxidized Chl (P680+ or ChlZ+) persists in mutants
carrying Trp181 as the flash-induced pattern of oxygen
evolution is normal and theFV yield remains low in most
mutants even in the presence of DCMU and NH2OH (the
effect of NH2OH onFV intensity in the C7-4 mutant will be
discussed later). Moreover, EPR measurements performed
at 77 K with thylakoids of the C7-3 and C7-4 mutants in a
PS I-less background showed no signs of ChlZ

+, regardless
whether the samples were frozen under illumination or in
darkness shortly after a light exposure (data not shown).
Instead, we explain the quenching phenomenon by a direct
interaction of excited Chl with Trp. It has been shown that
Trp can efficiently quench the singlet excited state of
fluorescein (20). The mechanism of the excited fluorescein
quenching is likely to involve electron transfer that leads to
formation of a charge-separated state between the two
molecules. Recombination of radical pair charges regenerates
fluorescein and Trp in the ground state. A similar phenom-
enon may occur in the Trp181 mutants but then involving
charge separation and recombination between Chl and Trp.

The potential of the Chl/Chl•- couple in dimethylform-
amide is-0.87 V for Chl monomers and-0.60 V for Chl
aggregates (21) (potentials listed in this paper are relative
to the Nernst hydrogen electrode). This potential can be
considerably less negative for the P680/P680- couple as the
protein environment increases the redox potential of the
P680+/P680 couple by 0.65 V compared to free Chl in apolar
media. The reported oxidation potentials of Trp in solution
at neutral pH range from 0.64 to 1.08 V (see ref22), and
the estimated midpoint potential of redox active Trp191 in
cytochromec peroxidase (EM,7 ) 0.65 V) (23) falls within
this range. Taking into account that the electrochemical
potential for Chl in the singlet excited state rises by 1.84 V,
the formation of a short-lived complex of oxidized Trp and
reduced Chl is feasible. On the other hand, reduction of Trp
by P680* is unlikely as the electrochemical potential for the
reduction of the indole group of Trp was estimated to be

about-1.75 V (24), which is well below the potential of
the P680+/P680* couple (∼ -0.8 V).

Thermodynamic considerations may also explain the
absence of considerableFV quenching in the C7-2 mutant,
in which Phe181 was replaced by Tyr, another aromatic
molecule often involved in electron-transfer reactions in
proteins. When measured under the same conditions, the
midpoint potential of Tyr+/Tyr at pH 7.0 was concluded to
be approximately 0.2 V higher than that of the Trp+/Trp
couple (25). Such a difference in the oxidation potentials is
enough to prevent or at least considerably decrease the
efficiency of Chl fluorescence quenching by Tyr compared
to Trp. In addition, orientation and/or distance factors may
also contribute to the large difference in the quenching
efficiency of the two amino acid residues at position 181 of
D2.

Interestingly, addition of 0.5 mM NH2OH in the presence
of DCMU had differential effects on the various mutants
(Figure 1B). The C7-3 and C7-10 mutants maintained a low
FV yield, whereas the yield of C7-4 increased significantly
to levels close to those observed in the control strain. We
exclude the possibility that NH2OH addition alleviates a
limitation of electron transfer at the donor side of PS II in
the C7-4 strain because the flash-induced oxygen evolution
in the C7-4 is indistinguishable from that in control cells
(Figure 2) and the oxygen evolution rate of this mutant in
continuous light is considerable (Table 1). Instead, we
interpret the differential NH2OH effect by a differential
NH2OH-induced change in the orientation of Trp181 with
respect to Chl in the different combinatorial mutants. The
NH2OH treatment causes a loss of extrinsic PS II proteins
of the oxygen-evolving complex (26), which is likely to lead
to a conformational rearrangement of PS II. A small change
in the orientation of Trp181 with respect to Chl is expected
to have a large effect on electron transfer parameters: an
increase of only 0.5 Å in the edge-to-edge distance between
the donor and acceptor is predicted to lead to a 2-fold
decrease in the electron-transfer rate constant for a typical
protein system (27).

Other than in C7-3, C7-4, and C7-10, in none of the
combinatorial mutants obtained in this study, a new Trp
residue has been introduced into combinatorial regions of
the CD loop. Therefore, the question whether the observed
Chl fluorescence quenching effect is specific for Trp181
cannot yet be addressed. However, in C7-3, a Trp has also
been introduced at position 182, and the slightly higherFV/
FO ratio in the C7-3 strain compared to C7-4 and C7-10
suggests that Trp182 in C7-3 is unlikely to contribute toFV

quenching.
The next question to address is why quenching occurs

almost exclusively with regard toFV yield, whereasFO

remains virtually unaffected. The picosecond fluorescence
lifetime measurements corroborate a normalFO and a virtual
absence ofFV in the Trp181 mutants (Figure 4). For the
discussion, first several points should be taken into consid-
eration: (i) the laser excitation used in our fluorescence
lifetime experiments (λ ) 595 nm) is absorbed predominantly
by phycobilin pigments of cyanobacteria, and not by Chl,
(ii) both Chl and allophycocyanin-B contribute to the
fluorescence at 690 nm, and (iii) the rate of exciton migration
from phycobilin pigments to the PS II core Chl is slower
than the rate of exciton trapping by the open reaction centers
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but faster than the rate of exciton decay in closed PS II (15).
In the case of open PS II centers in the wild-type and of
open and closed centers in the Trp181 mutants, the detected
fluorescence comes mainly from pigments associated with
phycobilisomes and from “detached” Chls that are not in
functional proximity to PS II centers. Therefore, the contri-
bution of open PS II centers to the overall fluorescence yield
is minor.

For quenching by Trp, direct adjacency between the
excited state and Trp is essential, and therefore, only
excitations at the PS II reaction center can be quenched by
Trp181 of D2. TheFO yield in the Trp181 mutants is not
expected to be affected, as only a negligible fraction of this
fluorescence originates from the PS II reaction center.
However, the 2-fold decrease in PS II quantum yield in C7-4
(see Figure 3) indicates that even in open centers, quenching
by Trp181 competes effectively with energy trapping in the
open reaction center. The relative contribution of quenching
by Trp181 becomes much more prominent upon closure of
PS II centers, when the lifetime of excitations in the PS II
core becomes much longer, and the contribution of reaction
center Chls and core antenna to the overall fluorescence yield
in FM state increases drastically.

On the basis of the fluorescence lifetime and quantum yield
measurements, the rate constantkQ of the reaction leading
to fluorescence quenching can be estimated. Replacement
of Phe181 by Trp reduced the fluorescence lifetime of closed
reaction centers to essentially the same level of that in open
centers (Figure 4), and the PS II quantum yield in open
centers was reduced by a factor of 2 (Figure 2). This indicates
that kQ should be similar to the intrinsic rate constant of
primary charge separation between P680 and Pheo, which
ranges from 3× 1011 s-1 (28) to 5 × 1010 s-1 (29).

The fact that the Chl fluorescence quenching due to Chl-
Trp interaction is about as efficient as trapping of excitations
in the open reaction center provides an interesting mecha-
nistic explanation for energy-dependent quenching of excited
states that is assumed to play an important regulatory role
for energy dissipation in vivo (30). The energy-dependent
quenching qE, which develops in response to illumination,
causes a decrease in the percentage of excitation that is used
for photochemistry and fluorescence. A site that is widely
accepted to be associated with qE in plants is the PS II
antenna, with the minor Chl-protein complexes CP29 and
CP26 possibly playing a key role (31, 32). The currently
favored mechanism of qE involves the light-induced forma-
tion of a pH gradient across the thylakoid membrane, H+

binding to one or more light harvesting complex II (LHCII)
polypeptides, and a conformational transition in LHCII
resulting in formation of a quencher (30). According to this
concept, the quenching may be due to Chl-Chl or Chl-
zeaxanthin interaction (reviewed in ref30); aggregates of
LHCII complexes formed in vitro as well as very concen-
trated solutions of Chla have much lower fluorescence yield
compared to trimeric LHCII (33) or a diluted Chl solution
(34), respectively. Quenching by a Chl-zeaxanthin interac-
tion is supported by a good correlation between the rise of
zeaxanthin content in thylakoids and development of qE upon
illumination (35; see, however, ref36). In addition, analysis
of energy levels in carotenoids predicts that the Chl excited
state can be quenched via the zeaxanthin low-energy 21Ag

state (37).

Our observation that Trp acts as a very efficient trap of
excitations on Chl suggests an alternative mechanism for qE
quenching: protonation of an amino acid residue of a minor
LHCII protein in plants (such as Glu166 of CP29, see ref
38) may move a Trp residue closer to a Chl and cause
efficient quenching. The change in fluorescence quantum
yield in C7-4 upon NH2OH addition illustrates the large
effect that small rearrangements may have. It is interesting
to note in this regard that sequence analysis of different
LHCII proteins reveals a number of highly conserved Trp
residues. On the basis of the results presented in this paper,
quenching resulting from formation of Chl-Trp+ and charge
recombination without reformation of Chl* can compete with
trapping of excitation in open reaction centers and provides
an attractive explanation for energy-dependent fluorescence
quenching.
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