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ABSTRACT. The lumenal CD loop region of the D2 protein of photosystem Il contains residues that interact
with a reaction center chlorophyll and the redox-active pTydsing combinatorial mutagenesis,
photoautotrophic mutants &ynechocystisp. PCC 6803 have been generated with multiple amino acid
changes in this region. The CD loop mutations were transferred into a photosystensideshocystis

strain to facilitate characterization of photosystem Il properties in the mutants. Most of the combinatorial
photosystem I-less mutants obtained had a high yield of variable fluoresdencepwever, in three
mutants, which shared a replacement of Phel81 by Trghhgeld 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 Il centers were essentially identical and were
similar to the fluorescence lifetime in open centers of the control strain. These results are explained by
guenching 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 1l 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 1l (PS )is a part of the photosynthetic and subsequent reduction of P68fre accompanied by an
apparatus in plants and cyanobacteria that uses light energyncrease in the PS Il Chl fluorescence yield. The fluorescence
to catalyze reduction of plastoquinone by water (reviewed yield with Qa in oxidized form is namedro, whereas the
in ref 1). Light energy absorbed by the light-harvesting higher yieldFy reflects centers in P68QQ state. Analysis
pigment molecules migrates to the reaction center and causesf changes in the PS Il variable fluorescenEe & Fy —
electron transfer between the primary donor P680, consistingFo) has become one of the most widely used approaches in
of chlorophyll (Chl)a, and the primary electron acceptor, photosynthesis research and other areas of plant physiology
pheophytin. To stabilize the charge separation, the electron(reviewed in ref3—5).
is tran;ferred from pheophytin to the primary elgctron- The D2 protein of PS II, which together with the D1
accepting plastoquinonexQand then to the plastoquinone  yqtein hinds the cofactors crucial for PS Il photochemistry,
pool through the @molecule. These cofactors are all bound ¢ ngjsts of five transmembrane helices. Helices C and D of

to the D1 and D2 protgins, which together form a het- s are connected at the lumenal side by the CD loop
erodimer. The rereduction of P68lo P680 occurs by  (residues 164195), which plays a key role in the structural
transfer of one eleccir(on from Ty(Tyr161 of DI) or Typ environment around Yand Chl. His189 is a proton acceptor
(Tyr|1_60 of D2)i Tye" h_()delzes the Mn-coEtammg oxggeg- for Yp (6), Arg180 appears to be closely associated with
evolving complex within 66-2000us (), whereas oxidized v ' 44" an accessory Chl that contributes to the properties
Tyrp remains stable for many minutes. The formation af Q of P680 ), and Phel79 was proposed to provide ring

stacking forces to one of the accessory Chl molecues (
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and the mutations were introduced into a PS I-less back- mation of the PS I-lespsaAB/psiDIC /pstDIlI~ Syn-
ground to facilitate screening of their fluorescence charac- echocystissp. PCC 6803 strainl@) followed by selection
teristics Q). In several mutants, the variable fluorescence for kanamycin resistance (a kanamycin-resistance marker
was dramatically reduced, although these mutants retainedinked topstDI was present in the DRCD strain and in the
normal PS Il activity. The anomalous variable fluorescence photoautotrophic combinatorial mutants). Only those trans-
yield resulted from substitution of Phel81 of D2 by Trp. formants that did not incorporate tpsaAB operon (distin-
This residue apparently can quench the excited state of oneguished by the blue-green color of the colonies) were used
or more Chl in the reaction center complex. The concept of in further experiments.

a quenching ChtTrp interaction provides a novel mecha-  gijte-Directed Mutagenesisite-directed mutations were
nism for energy-dependent quenching, modulating energy introduced into the D2 protein @ynechocystisp. PCC 6803
transfer efficiency in photosynthetic systems. by transformation of the obligatory photoheterotropBim-

echocystisD2ACD strain with M13 clones carrying the
desired mutation ipskDI (14). Transformants were selected

Growth ConditionsPS I-containing strains @ynechocys- for photoautotrpphi(; grqwth. Genomic DNA was isolated_
tis sp. PCC 6803 were grown in liquid BG-11 mediufify from the re§ult|ng S|te—d_|rected mutants, was sequenced in
at 28°C at 40umol photons m? s . The PS I-less mutants the appropriatestDI region, and was used for transforma-
were grown at 30C at 4umol photons m?s-1in a modified 10N Of the psaAB~/psIDIC/pstDII™ Synechocystistrain

liquid BG-11 medium supplemented with 10 mM glucose in order to obtain the desired mutant in a PS I-less
and 10 mM TES-NaOH buffer (pH 8.2). In the modified Packground. -
BG-11 medium, sodium nitrate was replaced by a combina- Chlorophyll FluorescenceFluorescence mducpon was
tion of 1.12 g/L of sodium nitrate and 0.35 g/L ammonium detected with a PAM fluorometer (Walz, Effeltrich, Ger-
nitrate. Cultures were cultivated on a rotary shaker (volumes many) and recorded using FIP fluorescence software and an
of less than 1 L) or bubbled with air (for larger volumes). ADC-12 card (Q-Data, Turku, Finland). A cell suspension
Solid BG-11 medium (standard or modified) used for Of PS I-less cells, containing aboutg of Chl mL %, was
segregation and maintenance of the mutants was Supp|eplaced in a Walz cuvette, incubated for 5 min in darkness in
mented with 1.5% (w/v) agar, 0.3% (w/v) sodium thiosulfate, the Presence of 10M DCMU [3-(3,4-dichlorophenyl)-1,1-
and 10 mM TES-NaOH buffer (pH 8.2). Moreover, 10 mM dimethylurea], an inhibitor of electron transfer from @
glucose and appropriate antibiotics were added as required Qe: and then illuminated for upt5 s with red monitoring

. . . . . light pulses delivered at a frequency of 100 kHz (light

Combinatorial Mutagenes@omblnatorlal_CD I_oop mu- ingtenspity: 20umol photons m? sql ). NszoH (hydroxy(l-g
tants were constrg_cteq essentially as described "”‘*ﬁ"“.h amine), which acts as an electron donor to/Pywas added
the following modifications. A M134stDIC clone containing to the samples in the dark simultaneously with the DCMU
part of thepstDIC operon (a 2.9 kiiecdRV/EcaR| fragment) indicated
and lacking codons 179186 of pstDI (9) was used as a asm ' o ) o
template; the template had been propagated inltiteing F!uorescenc_e Decay Kineticso monitor the lifetime of
E. coli CJ236 strain and thus contained uracil residues insteade*cited states in the pigment bed, time-resolved fluorescence
binatorial mutations were introduced into this region. For SPectrometer as described in #&f Fluorescence was excited
this purpose, a mixture of primers with a fully degenerate by @ cavity-dumped dye laser system (Coherent), synchro-
sequence in the eight codons corresponding to the deleted’0usly pumped by an Nd:YAG laser (Coherent Antares). The
region and flanked on both sides by sequences of 20 half-width of the. output pulses was-35 ps at a repetition
nucleotides long that were identical fstDI sequences  rate of 4 MHz with a mean power of less than 5 mW on the
immediately adjacent to the deletion was hybridized with Sa@mple. Emission was detected with a microchannel plate
the uracilated M13/stDIC template carrying the deletion Photomultiplier tube (Hamamatsu R2809U-01) through a
at codons 179186. After generation of heteroduplex phage double monochromator with 4 nm band width (Jobin-Yvon
DNA by primer extension and ligation, the mixture was used DH-10). The fu'II width at half-maximum of th_e instrument
for transformation ofE. coli. Upon transformation, the response function was 3@0 ps. Cyanobacterial cells were
parental uracil-containing M18tDIC strand was prefer- _dlluted to a concentration of aboupd of Chl/mL and stored
entially degraded, thus increasing the yield of mutatid®.( N @2 Lreservoir. Cells were pumped through a flow-through
After amplification of the phage, double-stranded M13 DNA cuvette (dimension of the window 1.6 10 mm) at a rate
was isolated and used for transformation of the obligatory ©f 15 mL/s. To measure fluorescence decay in open PS II
photoheterotrophic DRCD strain ofSynechocystid). This centers, the reservoir a_nd tubes leading to and from the
strain lackedpsDII, as well as thepstDI region coding for cuvette were covered with black cloth. If closed P_S Il was
the CD loop of the D2 protein (residues G168195), and  desired, 5quM DCMU was added to the suspension and
carried a kanamycin-resistance cartridge downstream ofthe reservoir was continuously illuminated with white light.
psiDIC. Photoautotrophic transformants that appeared on Oxygen Eolution. To determine the oxygen evolution rate
BG-11 plates without glucose were selected, psidD| was of PS I-less cells, samples taken from liquid cultures (Chl
sequenced in the region coding for the CD loop in order to concentration 0.81.2 ug mL™%) were illuminated (5000
determine the nucleotide sequences in the mutants that satisfyymol photons m? s%) at 25°C in the presence of 1 mM
the requirement for photoautotrophic growth. To allow a KzFe(CN)} and 0.2 mM DCBQ (2,5-dichloro-1,4-benzo-
more detailed characterization of selected combinatorial quinone), and the oxygen level was monitored using a Clark-
mutants, genomic DNA was isolated and used for transfor- type electrode.

MATERIALS AND METHODS
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Oxygen Eolution in Single Turnoer Flashes.Flash- L : L i

7/
induced oxygen evolution was measured at’@0using a 51 A
Joliot-type oxygen electrode equipped with a programmed 5
flash illumination and data acquisition systems as described ©  4- Control
in ref 16. A suspension of PS I-less cells of cyanobacteria o /,ﬁ______
was first concentrated by centrifugation and then resuspended 2 4 x 72 i
in a small volume of fresh BG-11 containing M DCBQ @ —_ ]
and concentrated again. The resulting paste was spread on 2 5]
the electrode and kept in darkness for at least 15 min before 5 K C73
applying saturating flashes. u_:_i 14 r c§-4 N 710 L
RESULTS 1
0 1 T vrr N T ¥ 1
Photosynthetic Characteristickutants with combinato- 00 ot ! 2
rial sequences at residues 76 of the D2 protein were Time, s
generated by transformation of the D@D strain with a
mixture of M13 DNA carrying combinatorial sequences of L . L ] from L  —
codons 179-186 of pstDI. Transformants capable of photo- 51 B /’—K—————
autotrophic growth were selected. A total of 14 different S Control
photoautotrophic mutants with combinatorial mutations in G 4 x4 |
this region has been obtained).(Subsequently, DNA from o e
the mutants was introduced intgpaaAB ~/pstDIC/psiDII — IS L
strain to generate these mutants in a PS I-less background ® c7-3
to facilitate PS Il analysis. Three of the 14 mutants (C7-3, & 2 & s
C7-4, and C7-10) showed a very low variable fluorescence 5 *
yield (Fy) in the presence of DCMU, witlfr,/Fo = 0.2— 3 4] c7-10
0.5 as compared to 1-&.1 in the other mutants and 21 L
2.3 in the control (Figure 1A). ThEy/Fo ratio was also low o . . .
in the C7-3, C7-4, and C7-10 mutants (but not in the control 0.0 o1 1 2
strain) when the fluorescence induction was recorded in the Time, s

absence of DCMU even when the cells received additional . 1- Induction kinetics of variable fi di
. . . . . 2 o1 IGURE 1. Inauction KiInetiCs of variaple riuorescence measuread in
illumination with red light at 10(_Jumol photons m# s, the presence of 50M DCMU (A) or 50 zM DCMU and 0.5 mM
NH2OH, added to the samples simultaneously with DCMU, NH,0H (B) in the control strain and the C7-2, C7-3, C7-4, and

partially restored the yield dy in the C7-4, but notin C7-3  C7-10 mutants. All mutants and the control strain are in a PS I-less
and C7-10 mutants (Figure 1B). background. The C7-2 mutant carried the sequence FVIVRIF at

codons 179-186 of D2. The changes in the amino acid sequences
Even though the C7-3, C7-4, and C7-10 mutants had a;,'ye other mutants are listed in Table 1. The fluorescence intensity

very low Fy yi_eld, they .sh(.)\./ved close to normall rates of of every mutant was normalized to thg value of DCMU-treated
oxygen evolution and significant photoautotrophic growth samples.

rates in PS I-containing cells (Table 1). Moreover, the

oscillation pattern of oxygen evolution upon excitation of D2 protein was replaced by Trp, whereas other amino acid
the cells by saturating single-turnover flashes was normal residues in this region remained unchanged. The amino acid
(Figure 2). The steady-state 77 K fluorescence emissionsequence of the second mutant (C7-4/W181F) was identical
spectra (excitation at 420 nm) were almost identical in the to that of C7-4 except that Trp181 was replaced by Phe, the
PS I-less control and the C7 strains with Iéw (data not residue present at this position in the wild-type. As shown
shown). These results indicate that PS Il function was in Table 1, the single amino acid replacement in the F181W
essentially unaltered in the three mutants despite the verymutant was enough to quenth considerably, whereas the
low yield of Fy. The reason for the decreased growth rate reverse W181F substitution in the C7-4 mutant restored an
of C7-3, C7-4, and C7-10 (Table 1) may be a somewhat almost normaFy yield.

decreased quantum yield of PS Il. As shown in Figure 3,  pjcosecond Fluorescence Decdi further investigate the
the amount of light needed for half-maximal oxygen evolu- excitation energy transfer and utilization by PS Il in the CD
tion is about twice higher for the C7-4 mutant than for the |oop mutants, the picosecond fluorescence decay kinetics
control. were compared in the PS I-less C7-4 mutant and the PS I-
The most obvious common feature of the three mutants less control. Figure 4 shows the decay of fluorescence
virtually lacking variable fluorescence was that they carried recorded at 690 nm with PS Il reaction centers open (Q
a Trp residue at position 181 (a Phe is present in the wild- oxidized) and closed (Qreduced). The excitation wave-
type) (Table 1). Amino acid residues that were adopted at length was set at 595 nm (phycobilisome excitation). When
position 181 in the other photoautotrophic mutants were lle, PS Il centers are open, the decay curves were similar in the
Leu, Tyr, and Cys or the wild-type Phe. To determine control and the C7-4 mutants. In this case, the decay can be
whether the unusual fluorescence characteristics of the C7-satisfactorily fitted to a sum of two components, with=
3, C7-4, and C7-10 mutants were explicitly due to the Phe181 250-260 ps and, = 1.4 ns with relative amplitudes of 93
substitution by Trp, two site-directed mutants were con- and 7%, respectively. The major 25860 ps component of
structed. In one mutant, designated F181W, Phel81 of thethe fluorescence decay is likely to stem from energy transfer
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Table 1: Selected CD Loop PS Il Mutants and Their Photosynthetic

Characteristics

PS I-containing PS I-less
amino acid sequence doubling time 0, evolution®
strain (residues 179-186) (% of control) “ F,/Fqo {nmol of O,/(mg of Chl h)]
wt (control) FRFILFLQ 100 233 +£0.18 1620 +380
C7-3 FRWWEFFVL 140 +24 0.36 +0.09 1330 +290
C7-4 LRWMLFAH 158 +15 0.18 +0.06 1150 + 180
C7-10 FRWLLFFL 132 £26 0.24 £0.14 1110 +290
C7-4/W181F LRFMLFAH 134 1+ 16 1.98 +0.22 1090 + 280
F181W FRWILFLQ 128 +25 0.36 £0.17 1490 + 200

2 The doubling time of the wild typ&ynechocystistrain was 10.5+: 1
continuous saturating light (50Q@mol photons m? s™1) in the presence

.0 h.P Rate of oxygen evolution was measured upon illumination with

of 0.2 mM DCBQ and 1 mMsFe(CN}.
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Ficure 4: Fluorescence decay kinetics measured in intact cells of

sequence of saturating single-turnover flashes in the control strainthe control and C7-4 PS I-less strains with PS Il reaction centers

(O) and in the C7-4HM) mutant. The mutant and the control strain

open or closed.

are in a PS I-less background. The time interval between flashes

was 0.4 s. Each point represents an average of three to fou
measurements. Error bars are shown for the control. Data obtaine
for the C7-4 mutant had similar error bars.
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Ficure 3: Light-response curves of oxygen evolution measured
in the PS I-less control straiidj and C7-4 mutantl) in a PS

(rjchanges in the fluorescence decay kinetics as compared to
the decay in open centers: the lifetime of the fast component
increased slightly#p = 320 ps) whereas the slow component
remained essentially unaffectedh & 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 lifetim&sXr)
reflects the yield of Chl fluorescence. Therefore, replacement
of Phel81 by Trp in the D2 protein reduces the yield
but leaves thd- yield essentially unaffected.

DISCUSSION

Substitution of Phe with Trp at the 181 position of the
CD loop in the D2 protein oBynechocystisp. PCC 6803
resulted in a 510-fold quenching ofF, and a 2-fold
decrease in the quantum yield of PS I, but otherwise PS II
function was normal. The mutants with Cys, lle, Leu, Tyr,

I-less background. The maximum oxygen evolution rate was 1460 or the wild-type Phe have normgl, indicating a specific

umol O,/(mg of Chl h) for the C7-4 mutant and 184@nol O,/
(mg of Chl h) for the control. 0.2 mM DCBQ and 1 mMsRe(CN)
were added to the cells as electron acceptors.

to the terminal emitter together with Chl fluorescence
originating from the PS Il corelf). As expected, closure

correlation between the presence of Trp at position 181 and
the large decrease i .

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 Il reaction center with

of PS Il centers resulted in a much slower fluorescence decaythe photosynthetic reaction center of purple bacteria, it was

in the PS I-less control strain. This decay can be deconvo-

luted into two components with, = 430 ps andr, = 1.6

proposed that amino acid residues +288 in the CD loop
of the D2 protein form amx-helix almost parallel to the

ns; both phases have similar amplitudes. In contrast, closuremembrane plane, with the residues at one side of the helix

of PS Il centers in the C7-4 mutant induced only minor

facing toward an accessory Chl in the reaction cerit@&y. (
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Experimental support for the helical configuration of this about—1.75 V @4), which is well below the potential of
part of the CD loop comes from the observation that Arg180, the P680/P680* couple ¢ —0.8 V).
which is present in the wild-type and which is important for ~ Thermodynamic considerations may also explain the
the normal PS Il charge separation and grfunction (7), absence of considerable, quenching in the C7-2 mutant,
can be shifted to position 184, or one turn of the helix away, in which Phel81 was replaced by Tyr, another aromatic
without loss of photosynthetic capacity of the resulting molecule often involved in electron-transfer reactions in
mutants 9). The Argl80 residue appears to be in close proteins. When measured under the same conditions, the
contact with Y5 and with a Chl that is part of the reaction midpoint potential of Tyr/Tyr at pH 7.0 was concluded to
center {). Orientation of residue 180 toward the membrane be approximately 0.2 V higher than that of the THprp
is clear on the basis of experimental evidence, but had notcouple @5). Such a difference in the oxidation potentials is
been expected on the basis of homology modelibd).( enough to prevent or at least considerably decrease the
However, sequence similarity between PS Il and the reactionefficiency of Chl fluorescence quenching by Tyr compared
center of purple bacteria is very poor in the CD loop region. to Trp. In addition, orientation and/or distance factors may
As Argl80 is expected to interact withp¥and the reaction  also contribute to the large difference in the quenching
center Chls, it is plausible that the indole group of the efficiency of the two amino acid residues at position 181 of
neighboring residue is also close to the reaction centerD2.
pigments. Interestingly, addition of 0.5 mM NFDH in the presence

A low yield of Fy may be caused by (i) a long lifetime of of DCMU had differential effects on the various mutants
the quencher P680(for example, due to limitations in  (Figure 1B). The C7-3 and C7-10 mutants maintained a low
electron transfer at the donor side of PS 1), (ii) presence of Fy yield, whereas the yield of C7-4 increased significantly
other oxidized Chls, such as Gh] a redox-active Chl  to levels close to those observed in the control strain. We
associated with His118 in the D1 subunit of PS Il that can exclude the possibility that NdDH addition alleviates a
be accumulated upon illumination at 77 K9 but not limitation of electron transfer at the donor side of PS Il in
necessarily at room temperature, and (iii) close proximity the C7-4 strain because the flash-induced oxygen evolution
of other fluorescence quenchers. We do not favor the ideain the C7-4 is indistinguishable from that in control cells
that oxidized Chl (P680 or Chk") persists in mutants  (Figure 2) and the oxygen evolution rate of this mutant in
carrying Trpl81 as the flash-induced pattern of oxygen continuous light is considerable (Table 1). Instead, we
evolution is normal and th&y yield remains low in most  interpret the differential NMDH effect by a differential
mutants even in the presence of DCMU and JAH (the NH,OH-induced change in the orientation of Trp181 with
effect of NHLOH onFy intensity in the C7-4 mutant will be  respect to Chl in the different combinatorial mutants. The
discussed later). Moreover, EPR measurements performed\H,OH treatment causes a loss of extrinsic PS Il proteins
at 77 K with thylakoids of the C7-3 and C7-4 mutants in a of the oxygen-evolving complexX6), which is likely to lead
PS I-less background showed no signs ofChiegardless  to a conformational rearrangement of PS II. A small change
whether the samples were frozen under illumination or in in the orientation of Trp181 with respect to Chl is expected
darkness shortly after a light exposure (data not shown).to have a large effect on electron transfer parameters: an
Instead, we explain the quenching phenomenon by a directincrease of only 0.5 A in the edge-to-edge distance between
interaction of excited Chl with Trp. It has been shown that the donor and acceptor is predicted to lead to a 2-fold
Trp can efficiently quench the singlet excited state of decrease in the electron-transfer rate constant for a typical
fluorescein 20). The mechanism of the excited fluorescein protein systemZ7).
guenching is likely to involve electron transfer that leads to  Other than in C7-3, C7-4, and C7-10, in none of the
formation of a charge-separated state between the twocombinatorial mutants obtained in this study, a new Trp
molecules. Recombination of radical pair charges regeneratesesidue has been introduced into combinatorial regions of
fluorescein and Trp in the ground state. A similar phenom- the CD loop. Therefore, the question whether the observed
enon may occur in the Trp181 mutants but then involving Chl fluorescence quenching effect is specific for Trp181
charge separation and recombination between Chl and Trp.cannot yet be addressed. However, in C7-3, a Trp has also

The potential of the Chl/Chl couple in dimethylform- been introduced at position 182, and the slightly highgr
amide is—0.87 V for Chl monomers ané0.60 V for Chl Fo ratio in the C7-3 strain compared to C7-4 and C7-10
aggregates2(l) (potentials listed in this paper are relative suggests that Trp182 in C7-3 is unlikely to contributé-{o
to the Nernst hydrogen electrode). This potential can be quenching.
considerably less negative for the P680/P686uple as the The next question to address is why quenching occurs
protein environment increases the redox potential of the almost exclusively with regard t&y yield, whereasFo
P680/P680 couple by 0.65 V compared to free Chlin apolar remains virtually unaffected. The picosecond fluorescence
media. The reported oxidation potentials of Trp in solution lifetime measurements corroborate a norfabnd a virtual
at neutral pH range from 0.64 to 1.08 V (see 28}, and absence ofy in the Trp181 mutants (Figure 4). For the
the estimated midpoint potential of redox active Trp191 in discussion, first several points should be taken into consid-
cytochromec peroxidase Ey 7 = 0.65 V) (23) falls within eration: (i) the laser excitation used in our fluorescence
this range. Taking into account that the electrochemical lifetime experimentsi(= 595 nm) is absorbed predominantly
potential for Chl in the singlet excited state rises by 1.84 V, by phycobilin pigments of cyanobacteria, and not by Chl,
the formation of a short-lived complex of oxidized Trp and (i) both Chl and allophycocyanin-B contribute to the
reduced Chl is feasible. On the other hand, reduction of Trp fluorescence at 690 nm, and (iii) the rate of exciton migration
by P680* is unlikely as the electrochemical potential for the from phycobilin pigments to the PS Il core Chl is slower
reduction of the indole group of Trp was estimated to be 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 P$3). Our observation that Trp acts as a very efficient trap of
In the case of open PS Il centers in the wild-type and of excitations on Chl suggests an alternative mechanism for g
open and closed centers in the Trp181 mutants, the detectedjuenching: protonation of an amino acid residue of a minor
fluorescence comes mainly from pigments associated with LHCII protein in plants (such as Glu166 of CP29, see ref
phycobilisomes and from “detached” Chls that are not in 38) may move a Trp residue closer to a Chl and cause
functional proximity to PS Il centers. Therefore, the contri- efficient quenching. The change in fluorescence quantum
bution of open PS Il centers to the overall fluorescence yield yield in C7-4 upon NHOH addition illustrates the large
iS minor. effect that small rearrangements may have. It is interesting
For quenching by Trp, direct adjacency between the to note in this regard that sequence analysis of different
excited state and Trp is essential, and therefore, only LHCII proteins reveals a number of highly conserved Trp
excitations at the PS Il reaction center can be quenched byresidues. On the basis of the results presented in this paper,
Trp181 of D2. TheFo yield in the Trp181 mutants is not  quenching resulting from formation of CHlrp* and charge
expected to be affected, as only a negligible fraction of this recombination without reformation of Chl* can compete with
fluorescence originates from the PS Il reaction center. trapping of excitation in open reaction centers and provides
However, the 2-fold decrease in PS Il quantum yield in C7-4 an attractive explanation for energy-dependent fluorescence

(see Figure 3) indicates that even in open centers, quenchingjuenching.

by Trp181 competes effectively with energy trapping in the

open reaction center. The relative contribution of quenching ACKNOWLEDGMENT
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