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Mutations in the CD-Loop Region of the D2 ProteinSiynechocystisp. PCC 6803
Modify Charge Recombination Pathways in Photosystem Il in Vivo
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ABSTRACT. The lumenal CD-loop region of the D2 protein of photosystem Il contains residues that interact
with the primary electron donor P680 and the redox active tyrosyl resigu®otosystem |l properties

were studied in a number of photoautotrophic mutantSyrfiechocystisp. PCC 6803, most of which
carried combinatorial mutations in residues 840, 179-186, or 187194 of the D2 protein. To facilitate
characterization of photosystem Il properties in the mutants, the CD-loop mutations were introduced into
a photosystem I-less background. According to variable fluorescence decay measurements in DCMU-
treated cells, charge recombination of Qwith the donor side was faster in the majority of mutanis (

= 45-140 ms) than in the controt;(; = 180 ms). However, in one mutant (named C7-3), the decay of
Qa~ was 2 times slower than in the contrbl{ = 360 ms). The decay half-time of each mutant correlated

with the yield of the Q-band of thermoluminescence (TL) emitted due,@Scharge recombination.

The C7-3 mutant had the highest TL intensity, whereas no Q-band was detected in the mutants with fast
Qa~ decay (1, = 45—50 ms). The correlated changes in the rate of recombination and in TL yield in
these strains suggest the existence of a nonradiative pathway of charge recombination bgtwaed Q

the donor side. This may involve direct electron transfer froar @ P680 in a way not leading to
formation of excited chlorophyll. Many mutations in the CD-loop appear to increase the equilibrium
P680" concentration during the lifetime of the@, ™ state, for example, by making the midpoint potential

of the P680/P680 redox couple more negative. The nonradiative charge recombination pathway involves
a low activation energy and is less temperature-dependent than the formation of excited P680 that leads
to TL emission. Therefore, during the TL measurements in these mutantsQhe Sate can recombine
nonradiatively before temperatures are reached at which radiative charge recombination becomes feasible.
The results presented here highlight the presence of two charge recombination pathways and the importance
of the CD-loop of the D2 protein in determination of the energy gap between the'8680d P680%

states.

Photosystem Il (PS It)is a multisubunit protein complex  accepting plastoquinone Qand then via @, another
in thylakoid membranes of plants and cyanobacteria and plastoquinone molecule, to the plastoquinone pool. The
catalyzes the light-induced reduction of plastoquinone by photooxidized P680 is reduced by a redox activezY
water (reviewed in ref& and2). Light energy absorbed by  (Tyrl61 of the D1 protein), and 2* in turn oxidizes the
light-harvesting pigment molecules is transferred to the Mn-containing oxygen-evolving complex. The release of
reaction center and causes charge separation between chlanolecular oxygen from water requires four sequential
rophyll a (Chl a) that is part of P680 and the primary electron oxidation steps; the corresponding oxidation states of the
acceptor, pheophytin (Pheo). The charge separation isoxygen-evolving complex are called-SS,. In dark-adapted
stabilized upon electron transfer to the primary electron- PS Il, the oxygen-evolving complex is predominantly in the

S; state.
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of Health to W.F.J.V. (GM 51556). in electron transfer from water to the plastoquinone pool, at
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1 Abbreviations: Chl, chlorophyll; cyt, cytochrome; DCBQ, 2,5- oxidized by P68®.under certain conditions. Thgse are the
dichloro-1,4-benzoquinone; DCMU, 3-(3,4-dichlorophenyl)-1,1-dim- redox active tyrosine, i (Tyr160 of the D2 protein), a Chl
ethylurea; EPR, electron paramagnetic resonaRgemaximal fluo- named Chi, a carotenoid, and cytochronigse (Cyt bss).

rescencefo, constant fluorescencéy, variable fluorescence; Pheo, . . .
pheophytin; PS I, photosystem [; PS Il, photosystem II; P680, primary Yo, the carotenoid, and Chare oxidized directly by P680

electron donor in PS II; Q primary electron-accepting quinone in PS~ (3—5), whereas oxidation of cyisseis likely to occur through
Il; Qg, secondary electron-accepting quinone in PS II; TL, thermolu- Chl;* (6). Cyt bssg can also act as an electron acceptor in

minescenceTy, temperature of maximum thermoluminescence emis- _ ; ;
sion; Yp, tyrosing (Tyrl60 of the D2 protein), an accessory electron PS Il (7—9), thus creating a pathway of cyclic electron flow

donor in PS II; ¥, tyrosine (Tyr161 of the D1 protein), the immediate ~ around PS 119, 10). However, the physiological relevance
electron donor to P680. of this putative cycle is still unclear. Recombination of
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charges at the donor and acceptor sides via reverse electromented with 1.5% (w/v) agar, 0.3% (w/v) sodium thiosulfate,
flow may result in the re-creation of the P680* excited state. and 10 mM TES/NaOH buffer (pH 8.2). Moreover, 10 mM
Another charge recombination mechanism that does not leadglucose and appropriate antibiotics were added, if required.
to formation of P680* and that may be analogous to the Construction of the MutantsThe combinatorial mutants
recombination mechanism in purple bactetid)(has been  were constructed as described in reif8 and 19. The
proposed as welllQ). substitution mutants S6 and S8 were obtained by transforma-

When charge recombination occurs by processes leadingtion of the D2ACD strain, which lackedstDIl and the
to the re-formation of excited P680, light emission (delayed pskDI region encoding the CD-loop of D2 (residues Gly163
luminescence) will be observedd). At low temperatures,  Pro195) and which carried a kanamycin resistance cartridge
charged intermediates can be stabilized and their recombina-downstream opskDIC, with an M13 clone that contained a
tion prevented. Activation of the back reactions in PS Il by modified Synechocystisp. PCC 6803skDI gene. In the
warming the samples leads to light emission called ther- S6 strain, codons 171178 of thepsiDI gene were replaced
moluminescence (TL) (reviewed in r&f). with the corresponding codons (17279) from thepshAll

The smallest unit in PS Il that exhibits photochemical gene, which encodes the D1 protein of PS II; in 8&DI
activity (formation of the P68Pheo state) consists of the  codons 187194 were replaced withsbAll codons 188-
D1/D2 heterodimer and small subunits, including bydo. 195. The resulting transformants were selected for photo-
The D2 protein consists of five transmembrane helices, andautotrophic growth.
together with D1, this protein binds the cofactors that are  Site-directed mutations were introduced into the D2 protein
crucial for PS Il photochemistry. Helices C and D are of Synechocystisp. PCC 6803 by transformation of the
connected at the lumenal side by the CD-loop (residues-164 D2ACD strain with M13 clones carrying the desired mutation

195), part of which is presumed to have anhelical in pstDI (21). Transformants were selected for photoau-
structure. The CD-loop appears to play a key role in totrophic growth.
determining the structural environment arouns) P680, and To allow a more detailed characterization of selected

accessory Chl molecules. One of the residues in this loop,combinatorial, replacement, and site-directed photoau-
His189, can accept a proton fromyYvhen this residue is  totrophic mutants, genomic DNA was isolated and used for
oxidized (L5). Arg180 seems to be closely associated with transformation of the PS I-legssaAB ~/psDIC/pstDII -
Yp and Chis that contribute to the properties of P686).( Synechocystisp. PCC 6803 strair2@) followed by selection
On the basis of homology-based structural modeling, Phel79for kanamycin resistance (a kanamycin resistance marker
was proposed to provide ring stacking forces to one of the linked to pskDI was present in the D2CD strain and the
accessory chlorophyll molecule$7). Nevertheless, in the  photoautotrophic mutants). Kanamycin-resistant transfor-
absence of a high-resolution X-ray crystal structure of the mants in most cases did not incorporate piseAB operon
PS Il reaction center, detailed structural information about present in the transforming DNA. These transformants were
this complex is still limited. distinguished by the typical blue-green color of colonies
To evaluate the structural requirements for the function lacking PS |, and were selected for use in further experi-
of redox active components at the donor side of PS II, we ments.
have employed a combinatorial mutagenesis approach to Chlorophyll Fluorescence MeasuremeniShlorophyll
determine the amino acid combinations in the CD-loop region fluorescence induction and decay were detected with a PAM
of the D2 protein that support stable PS Il function and fluorometer (Walz, Effeltrich, Germany) and recorded and
photoautotrophic growth. Using this approach, a large analyzed using FIP fluorescence software and an ADC-12
number of combinatorial D2 mutants have been generatedcard (Q-Data, Turku, Finland). To measure the intensities
and the mutations have been introduced into a PS I-lessof initial (Fo), maximal Ey), and variablefy = Fy — Fo)
background to facilitate screening of PS Il fluorescence fluorescence, a cell suspension containing ug of Chl/
characteristics of the mutantsg 19). As will be presented  mL was placed in a Walz cuvette, incubated for 3 min in
here, analysis of the properties of mutants and the wild type darkness in the presence of AWM 3-(3,4-dichlorophenyl)-
has provided interesting insights regarding pathways of 1,1-dimethylurea (DCMU), and then illuminated for up to 5
charge recombination in PS Il s with red monitoring light. The fluorescence signal detected
2—4 ms after turning on the monitoring light was taken to
MATERIALS AND METHODS be the Fo value, and the maximum fluorescence signal
Growth ConditionsPS I-containing strains @ynechocys-  reached during the illumination period was taken tdhe
tis sp. PCC 6803 were grown in liquid BG-11 mediugg) Decay of variable fluorescence was assessed as follows.
at 28°C and 4QuE m2 s™%. The rate of growth of the strains  After illumination of the sample for 100 ms with red light
was followed by monitoring the optical density at 730 nm emitted by a PAM LED lamp (light intensity, 30E m™2
using a Shimadzu UV-160 spectrophotometer. The PS I-lesss™?), the actinic light was turned off and the fluorescence
mutants were grown at Z& and 4uE m2 st in a modified yield elicited by weak measuring flashes was recorded. Every
liquid BG-11 medium supplemented with 10 mM glucose trace was recorded using a fresh sample. The measurements
and 10 mM TES buffer (pH 8.2). In the modified BG-11 were repeated four to six times with each mutant, and the
medium, sodium nitrate was replaced with a combination averaged curve was used for further analysis of decay
of 1.12 g/L sodium nitrate and 0.35 g/L ammonium nitrate. components.
Cultures were propagated on a rotary shaker (volumes of The decay of variable fluorescence in the absence of
less than 1 L) or bubbled with air (for larger volumes). DCMU (and thereby allowing @to Qs electron transfer)
Solid BG-11 medium (standard or modified) used for was recorded after illuminating the sample with a single-
segregation and maintenance of the mutants was suppleturnover Xe flash.
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Oxygen Ezolution. Oxygen evolution of intact cells under  rap1e 1: Mutants Used in This Study and Their Photosynthetic
continuous saturating light was assessed in samples takercharacteristics

from liquid cultures (Chl concentration, 6-8.5 ug/mL) Doubling time, _F, decay",
using a Clark-type electrode at 2& in the presence of 1

. . . . Strain D2 amino acid sequence (residues 164-194) % of wild type®  tip, ms

mM potassium ferricyanide and 0.2 mM 2,5-dichloro-1,4-
benzoqu|n0ne (DCBQ) nght from a Xe arc |amp was WT QSSWEFA PSFGVAGI FRFILFLQ GFHNWTLN 100 180+£10
. C5-1 HSSMVTA PSFGVAGI FRFILFLQ GFHNWTLN 390+60 68+ 3
filtered through.water and sfu.bseq.uently_ passed through an OGSMAFG PSFGVAGT FRFILFLO GFHNWILN 105411 Lare1s
orange cutoff filter, transmitting light with a wavelength  cs-4  caswnre psrevac FrrILFLO GReENWTLN 291218 142414
above 580 nm. The incident light intensity wagl000uE C5-8  HFSFLFS PSFGVAGI FRFILFLQ GFHNWTLN  >400 139417
m—Z S_l. Oxygen evolutlon |n Slngle_turnover ﬂashes was C5-13 VGSNFFG PSFGVAGI FRFILFLQ GFHNWTLN 159+18 101+ 5
. . C5-14 ONSLVLA PSFGVAGI FRFILFLQ GFHNWTLN 126114 10010
assessed at Zm USIng a JOlIOt-type Oxygen eIeCtrOde C5-15 GSSYYFG PSFGVAGI FRFILFLQ GFHNWTLN 159+ 8 113420
essentially as described in r28. C5-16 HWSFFVS PSFGVAGI FRFILFLQ GFHNWTLN 104112 118418
Thermoluminescenc&L was measured with a home-built ijl gzgxii '::‘;i:z: EEFILFLS zg:miig ﬁgi; 22:;
apparatus desc_rlbed in rgfl. Cyanobacteria were CONCEN- 7, Gssuren PSFGVAGT EVYIVRIF GEHNGILN 215515 o1 5
trated by centrlfugatlon and then resuspended iN BG-11 c¢7-3  osswrra PSPGVAGT FRWWFFVL GFENWTLN 140+ 2 361268
medium to a final concentration of 16 ug of Chl/mL. C7-5  QSSWFFA PSFGVAGI FRFMLILA GFHNWTLN  136%13 124£12
DCMU (SOﬂM) and glycel’0| (7%’ V/V) Were added tO the 58 QSSWFFA PSFGVAGI TRIILILQ AEINILMH 110+15 61t 5
. 7 . c8-1 QSSWFFA PSFGVAGI FRFILFLQ GAHAVLQL 134+16 52+ 4
cells just before placing them into the cuvette. The sample cs_»  gsswrra psrovact FreILELO AFHGFIMG  142:22 a6t 6
was then dark adapted for 5 min and cooled-#0 °C. A C8-4  QSSWFFA PSFGVAGI FRFILFLQ SFHNFLLV  145% 3 64+12
Sequence of 10 Slngle_turnover ﬂashes was flred at a F188E QSSWFFA PSFGVAGI FRFILFLQ GEHNWTLN 120+11 11615
f f 0 5 HZ When the tem erature |n the Cuvette W191L QSSWFFA PSFGVAGI FRFILFLQ GFHNLTLN 145£14 57+ 6
requency 0 ) p T192A QSSWFFA PSFGVAGI FRFILFLQ GFHNWALN 115+18 98+ 8

reached—40°C (multiple flashes were applied to ensure a aThis list includes combinatorial mutants (strain names starting with
S1Qa = SQa™ trans[tlon in essentially all functional PS I C), two mutants (S6 and S8) in which a D2 region was substituted
centers). The TL signal was recorded upon heating the with the corresponding region of D1, and several site-directed mutants.
sample at a rate of 0.2C/s. Mutated residues are bold. Data are the meanthe standard error

EPR MeasurementsTo study the properties of o¢, determined from at Ie_ast three rep_li(_:at@E’.hqtoautotrophic _grovyth

. . rates were measured in PS I-containing strains. The doubling time of
thylakoid membranes were prepared from different PS I-less wild-type (WT)Synechocystistrain was 10.5¢ 1.0 h.¢ The half-
strains as described in ré6. EPR tubes were filled with time of Fy decay {i/,) was measured in PS I-less strains.
~0.2 mL of the thylakoid suspension (Chl concentration,
200—-270ug/mL), incubated for 2 min at high light intensity
(400-6004E m 2 s™1) at room temperature, and then frozen
in darkness and stored in liquid nitrogen in the dark. X-band
EPR spectra were recorded at 120 K with a Bruker ESP 550E
spectrometer. EPR conditions were as follows: microwave
power, 1 mW; microwave frequency, 9.41 GHz; modulation
amplitude, 0.3 mT; and modulation frequency, 100 kHz.

umol of O, (mg of Chlyt h™tin the PS I-less strain with
the wild-type CD-loop sequence. The high rate of oxygen
evolution was observed even in strains in which the PS
I-containing counterparts had substantially reduced growth
rates (for example, mutants C5-1, C5-4, and C5-8) possibly
because of reduced amounts of PS Il in these PS I-containing
mutants. The flash-induced oxygen release pattern at a flash
RESULTS frequency of=2.5 Hz generally was similar to that of the
control, indicating a normal functioning of the water-splitting
Photosynthetic Characteristics of the Mutankdutants complex. TheFy/Fy ratio varied from 0.33t 0.04 in the
with combinatorial sequences at residues-1640, 179- C7-3 mutant to 0.68t 0.03 in the control PS I-less strain
186, and 187194 of the D2 protein were generated by containing the wild-type CD-loop sequence. Thg yield
transformation of the DRCD strain with a mixture of M13  inthe C7-3 mutant was presumably reduced due to quenching
DNA carrying combinatorial sequences of the corresponding of excitations by Trp18123). Despite the lowF, yield, the
codons ofpskDI (18, 19). Transformants with significant ~ C7-3 mutant exhibited significant photoautotrophic growth
photoautotrophic growth rates were selected, and the mutatedn a PS I-containing background (Table 1), and its maximal
region ofpstDI was sequenced. Several other mutants have rate of oxygen evolution measured in the PS I-less cells was
been used in this study as well. These include S6, in which close to normal.
residues 171178 of the D2 protein were substituted with Fluorescence DecaySome CD-loop D2 mutants are
the corresponding sequence of the D1 protein (codons- 172 known to have modified charge recombination characteristics
179 of pskAll), S8, in which residues 187194 of the D2 petween the acceptor and donor sides of PS16).(To
were replaced with residues 18895 of the D1 protein, and  investigate the effect of mutations in the CD-loop of D2 on
three site-directed mutants with single mutations in the D2 charge recombination, the decay of tife yield after
protein (F188E, W191L, and T192A). Their photoautotrophic jllumination for 100 ms was followed in intact PS I-less cells
growth rates in liquid BG-11 medium are listed in Table 1. in the presence of DCMU. Under these conditions, the rate
Subsequently, DNA from all mutants used in this study was of Q,~ reoxidation due to recombination of the negative
introduced into gsaAB ~/pstDIC™/pstDII ™ strain to gener-  charge with the donor side is monitored. The results for two
ate these mutants in a PS I-less background to facilitate combinatorial mutants (one with a slower and one with a
screening of their PS Il characteristics. faster rate of charge recombination in comparison with the
The maximum rates of oxygen evolution of the PS I-less control) are shown in Figure 1. The curves of the charge
CD-loop mutants in the presence of 0.2 mM DCBQ were recombination kinetics in all mutants could be adequately
more than 75% of the control value, which was 1990250 fitted by two components with the rate constants of the fast
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FiGURe 1: Decay ofFy in the control strain and in the C7-3 and  Figure 2: Representative TL curves measured in the control strain
C8-2 mutants in the presence of AM DCMU. All three strains and the C7-3 and C8-2 mutants $¥nechocystisp. PCC 6803 in

are in a PS I-less background. Variable fluorescence was inducedthe presence of 50M DCMU. All three strains are in a PS I-less

by a 100 ms illumination of the cells with red light (L& m~2 background. TL bands were excited by a train of 10 single-turnover
s 1) emitted by a PAM LED lamp. Each curve represents an average flashes at-40 °C. The heating rate was 0°€/s. Small differences

of four to six traces, and each trace was recorded using a freshin the chlorophyll concentration between the samples were corrected
sample. Variable fluorescence has been normalized to be 1.0 affor.
the end of the illumination period. The measuring light used to
monitor fluorescence decay did not have a measurable actinic effect.

10" L 1 1 1 1 1 L 1
ALl TR T

and slow components ranging between 4 and 35asd
between 0.5 and 5.3°% respectively. In the majority of 084 “aa
mutants, both components decayed faster than in the control A
strain, whereas in the C7-3 mutant, the two components were
noticeably slower than the control. Table 1 shows the overall
decay half-times of variable fluorescendg;, in different
CD-loop mutants. The overall half-time &% decay was
taken to be an adequate parameter far &ability for two
reasons: (i) the fast and slow components of fluorescence 0.2 L
decay changed nearly proportionally from mutant to mutant, | A
and (i) the intensity of each of the two phases was significant

) - | 0.0 T T - T T 7/ f——
(Y3—215 of the overall intensity) and did not change greatly 0.0 0.5 1.0 15 20 30
between the strains. In the absence of DCMW, Qxidation Time, s
rates in all mutants were similar to those in the wild type

A
A
A
i A L
0.6 A

. e+

A
AAAAAAAA

Fluorescence, a.u.

Fluorescence, a.u.

(not shown), thus indicating normal acceptor side properties. . O# —

Thermoluminescence Properti@y/pical TL signals from | i'tg.*+++
different PS I-less strains oBynechocystidreated with um L ++++3++++
DCMU and illuminated at-40 °C are presented in Figure 087 o Tagagececeteece -
2. The control PS I-less strain exhibited an intense TL "a, S
emission peak at4 °C, characteristic of a Q-band A~ 06 4 mEn TN L
recombination) with a small shoulder at approximatel0 A PY
°C. In addition, there was a second peak-&0 °C (C-band), 0.4 A |
the origin of which remains controversial (see r2%-27). ‘AA

In the C7-3 mutant, the Q-band of TL was much more A
pronounced and its maximum was shifted toward a higher 021 B AAAAAA i
temperature (13C) (Figure 2). In contrast, in the C8-2 strain, Addasa
essentially no Q-band could be detected regardless of whether 0.0 — . —— /A

. X - : 0.0 0.5 1.0 15 20 30

the cells were illuminated with a sequence of 10 single- ]
turnover flashes (Figure 2) or continuously illuminated for Time, s
1 min at—40°C (data not shown). However, the C8-2 mutant FiGURE 3: Temperature dependencefef decay measured in the
extiited a arge C-band al50°C; Despite he nabliyto _ SOa,Stan (8 sn 0 s S22 e () romed v DM,
generate a Q-band in the C8-2 mutant, a stable_charge—at —40 (+), —20 (@), —10 @), or 090 (a) and Wgre lluminated
separated state appears to have been formed in this mutankith a 100 ms pulse of red PAM LED light (30E m2 s-1).
after illumination at—40 °C. Exposure of DCMU-treated  Subsequently, the decay Bf was monitored after termination of
cells to either continuous illumination or flashes-a40 °C the pulse. Each curve represents a single, representative measure-
caused an increase in the fluorescence intensity due toMent
formation of Q; at this temperature, the increased fluo- °C, ~20% of the Q™ had disappeared after 30 s in both the
rescence yield exhibited a very slow decay in darkness at acontrol strain and the C8-2 mutant. However, the decay of
rate similar to that in the control strain (Figure 3). A40 variable fluorescence was accelerated markedly in the C8-2
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Ficure 4: Correlation between the intensity of the Q-band of
thermoluminescence and the half-time of fluorescence decay (with
10 uM DCMU) that were observed for different CD-loop mutants.
The mutants and the control strain are in a PS I-less background. Magnetic field, mT
The TL signal was calculated as the integrated amount of emitted . ; P
igh that was detected over the temperatre range fr@to 40— SR EREETEE Bl o Ot T LI TNl
°C and was normalized to the chlorophyll content in the sample. . : : ;

P : . combinatorial mutants in the PS I-less background. Experimental
The decay of~ was measured as indicated in the legend of Figure parameters were as follows: temperature, 120 K; microwave power
1, and the decay half-time was plotted. Different symbols indicate N ' . ati ; '
different mutagenized regions of the CD-loop, as indicated in the 1 mW; microwave frequency, 9.41 GHz; modulation amplitude,

' 0.3 mT; and modulation frequency, 100 kHz. The chlorophyll

Inset. concentration in the samples was 23¥0 ug/mL.

332 334 336 338

mutant at—20 °C, whereas in the control strain, the decay
rate of Q~ at —20 °C was almost as slow as that a0
°C. At 0 °C, the decay half-time was0.5 and 2 s in the
C8-2 and the control strains, respectively. Therefore, in the
C8-2 mutant, charge recombination occurs without leading
to TL emission.

The temperature behavior Bf, decay suggests thataQ
is largely reoxidized in the C8-2 and control strains during
the course of the TL recording; the heating rate during the
TL recording was 0.4C/s, and only a very small portion of _ X
the centers with @ remained after several seconds of Mationatthe donorside, EPR spectra gf*vere recorded
darkness at 20C (Figure 1). Consequently, the origin of in thyllak0|d_s isolated from_ cﬁfferent PS I-less s_tralns._AII
the large C-band in the C8-2 mutant is not easily explained. combinatorial mutants exh|b|ted.a dark-stable s!gnal with a
Either the electron on Q does not participate in charge 9 Value 0f~2.004 (Figure 5), which resembled signal(g
recombination leading to TL emissiona60 °C, or only a = 2.0046) in the control PS I-less strain; this _S|gr_1al originates
minor fraction of the PS Il centers (those that retair @t from Yp°%. However, the fine structure of this signal in the

>45 °C) is responsible for the major C-band observed in Mutants was modified in various ways depending on the
the C8-2 mutant at 56C. mutations introduced into the CD-loop (Figure 5). These

effects are rather minor and are smaller than when introduc-

also exhibited a very large decrease in the intensity of the ing single-site mutation; involving residges interacting with
Q-band of TL, whereas as shown in Figures 2 and 3, the Yo (16,28, 29). The gmplltude of the Bo.x signal, no_rmallzed
C7-3 mutant coupled a slow charge recombination rate with {© the Chla content in the corresponding thylakoid prepara-
a large intensity of the Q-band of TL. In fact, this correlation t0nS, was similar in all samples, suggesting that the various
appears to be general for the CD-loop mutants; the intensitmetamS retained a dark-stablg® and confirming that they

of the Q-band (the TL signal integrated over th80 to 40 have a similar amount of PS Il centers on a Chl basis.
°C temperature range) measured in different CD-loop Therefore, the properties ofp?* were not affected greatly

mutants is proportional t, the half-time ofFy decay in by the combinatorial mutations, suggesting that no major

the presence of DCMU (Figure 4). It should be emphasized structural rearrangements have occurred in PS Il as a function

that the linear relationship between the Q-band intensity and ©f the combinatorial changes that were introduced.

tyz in Figure 4 is drawn only to illustrate the general trend,

and no specific proportionality between the intensity of the DISCUSSION

Q-band of TL and the charge recombination rate can be The data presented here show that mutations in the CD-

theoretically predicted at this point. loop region on the lumenal side of the D2 protein of PS II
There is also a correlation between the positiomg{the modify the lifetime of Q™ if electron transfer to @ is

temperature maximum of the Q-band) and the half-time of blocked by DCMU. Moreover, TL measurements done with

Fv decay. As presented in Figure 2, the C7-3 mutant that a set of CD-loop mutants with altered charge recombination

has a slowry decay 1> ~ 360 ms) has &y of ~13 °C, kinetics have revealed that the relative yield of the Q-band

whereas the control straityg ~ 180 ms) exhibited &y of
~4 °C, and in mutants with &, of F, decay ranging from
100 to 140 msTy was decreased by-B °C compared to
that for the control strain. The C8-2 mutant and those similar
to it with the fastesEFy decay i ~ 50 ms) had a small TL
peak, which may represent recombination involving remain-
ing Qa~ with the donor side, at approximatetyl5 °C.

Yp* EPR PropertiesTo determine whether combinatorial
mutations in the CD-loop region affected the PS Il confor-

Other mutants with a rapid rate of charge recombination
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FiGure 6: Schematic model for explaining the mutation-induced
changes in the £ decay rate and the thermoluminescence yield.
Changes in the prevalence of nonradiative vs radiative charge
recombination are due to alteration of the equilibrid@°® between

the P680'S; and P680g states. The energy levels for P680 and
the S states of the Mn cluster of the oxygen-evolving complex in
control PS Il are indicated as solid lines. If th&G° between
P680'S; and P680gbecomes smaller [i.e., the P680 level increases
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between the modified CD-loop sequence and the altered
lifetime of Qa~. Experimental data and the results of
homology-based structural modeling localize the CD-loop
at the lumenal (donor) side of the thylakoid membrane, with
some amino acid residues apparently in close contact with
the accessory Chls associated with P686, (L7, 30, 31).
Therefore, the alterations in charge recombination kinetics
are likely to be due to a modification at the donor side of
PS II. However, it is known that severe impairment at the
donor side can induce changes in the midpoint redox potential
(Em) of Qa (32), which is~27 A from P680 (33). We do

not favor the possibility of functional alterations at the
acceptor side causing the effects observed in our mutants
because (i) the slightly modified form of thep¥ EPR
spectra observed in most of the strains that were tested
(Figure 5) together with essentially unaltered oxygen evolu-
tion suggest a minor conformational change at the donor side
of PS Il as a function of the combinatorial mutations, (ii)

or the S state level decreases (thin dashed lines)], the equilibriumelectron transfer from Qto Qs is essentially unaffected (data

concentration of P680during the lifetime of the $~ state will
increase. At low temperatures (up to approximately0 °C), only
the nonradiative path is expected to contribute significantly 4o Q

not shown), and (iii) if TL shifts to lower temperatures were
due to a shift in thé&, of the Q./Qa~ couple, this shift should

decay, thus depleting the level of the charge-separated state in P$10t have caused a decrease in TL intensity.

Il without leading to TL; at such temperatures, the radiative
recombination reaction will be essentially “frozen”. However, in
the C7-3 mutant, the\G° between P6805, and P680gappears
to have become larger [because either thiegel increases or the

P680 level decreases (fat dotted lines)], thus decreasing the rate o

the back reaction P68@S> P680°S; and the equilibrium concen-
tration of P680. As a consequence, the charge recombination rate
at low-temperature is reduced as compared to the control system

The altered charge recombination kinetics observed in the
mutants are best explained by a change in the energy gap
between the P68, and P680g states, which shifts the

pquilibrium between P680 and the water-splitting apparatus.

This is expected to affect charge recombination, the rate of
which (among other factors) is determined by the steady state

concentration of oxidized P680 during the lifetime of the

and more PS Il with a charge-separated state is still present Whencharge separation between Qand the oxidized donor side

a sample of this mutant is warmed. As charge recombination slows,
the TL peak of this mutant shifts to higher temperatures.

of TL (due to SQa~ state recombination) correlates strongly
with the lifetime of Q~. The recorded TL curves were
normalized to the Chl content of the sample, which, in turn,
in first approximation is proportional to the amount of PS II
centers in PS I-lesSynechocystistrains retaining a signifi-
cant amount of PS Il centerd ). All strains used in the

(34). Mutants with a fasFy decay are expected to have an
equilibrium of the P680S, < P680S reaction that is more

to the left compared to the situation in the control strain that
carries the wild-type CD-loop sequence. In contrast, the C7-3
mutant that is characterized by a sl&y decay may have a
P680°S, «— P680S reaction equilibrium that is more to the
right than in the control. The apparent change in the
equilibrium between the P688; and P680gstates can be

experiments presented here were able to evolve oxygen adue to a shift in theE, of either the P680P680 couple or

high rates; their PS Il activity was high enough to support
photoautotrophic growth in a PS I-containing background,
and most of the mutants exhibited a normal oscillation pattern
of O, evolution upon illumination with single-turnover
flashes. The stable reduction of @pon illumination at-40

°C and Q" reoxidation upon warming of the samples were
evident from fluorescence measurements (see Figure 3)
Therefore, the large spread in the intensity of the Q-band
between the different mutants reflects changes in the TL yield
upon SQa~ recombination rather than changes in the yield
of formation of this state upon illumination or changes in

the S/S; states of the oxygen-evolving complex. We prefer
to attribute the change in equilibrium to a change in the
P680/P680E, as the oxygen evolution properties remained
unchanged for many of the mutants that have a high rate of
charge recombination.

There are several examples of how the protein matrix of

.a photosynthetic pigmenfprotein complex can alter tHg,

of redox active (bacterio)chlorophyll8%—37). For instance,
addition or removal of one hydrogen bond to or from the
bacteriochlorophyll dimer of the bacterial reaction center
changed thds, of the primary donor by 5680 mV (35).

the concentration of functional PS Il centers (expressed onMutation of the presumed P700 ligand His656 to Asn or

a chlorophyll basis).
A plausible working hypothesis for explaining the data

Ser in the PS | reaction center protgieaB increased the
oxidation midpoint potential of the P700/P700ouple by

presented in this paper is that there is a charge recombinatio®0 mV (36). On the basis of the results of site-directed

pathway that does not lead to TL and that is enhanced in
mutant strains with more rapid charge recombination. This
hypothesis, which is schematically illustrated in Figure 6,
will be discussed and expanded upon in the following

mutagenesisl1), the electrostatic influence of Arg180 in
the D2 protein has been estimated to elevate the oxidizing
potential of the P686P680" couple by~100 mV above
the Ep, value of a hydrogen-bonded Chl(38). As residues

paragraphs, after discussing mutational effects on the properdin the CD-loop are likely to affect the interaction of this and

ties of the donor side of PS II.
Changes in Donor Side Equilibrialhe first question to
be discussed is what the functional relationship may be

other residues with P680, mutations in the CD-loop can
indeed modify the hydrogen bonding and electrostatic
interactions with P680, thereby altering its midpoint potential.
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Recombination Pathway#n altered equilibrium of the ¢yt bssg for two reasons: (i) kinetic studies with different
P680°S, < P680S reaction in the CD-loop mutants explains PS Il preparations treated with DCMU have shown that
the modified Q™ stability in the presence of DCMU, but reduced Q is a very inefficient reductant of cyse (8, 40),
this discussion has not yet addressed the question of howand (ii) treatment of cyanobacterial thylakoids with ascorbate,
these alterations may affect the TL yield. The present view which can reduce cylssg (41), did not slow the decay of
of photosynthetic TL (reviewed in ref4) suggests that Qa~. Note that in these experiments we were not able to
separated charges at the donor and acceptor sides of PS llemonstrate the reduction of cykse using EPR, since
are reasonably stable at low temperatures and as the thermaddition of ascorbate strongly modified the signal from the
energy increases upon warming the probability of forming thylakoids atg ~ 3.

the P680Pheo radical pair is increased as well. The Nonradiatie Pathway at Room Temperaturghe data
recombination of P680Pheo can result in the formation  yresented in this paper suggest that in the wild-type PS i
of singlet excited P680* with subsequent light emission either santers a considerable amount of PS Il charge separations
from P680* or from the coupled antenna Chls. Besides this, j4¢ decayed via the nonradiative pathway before the tem-
a nonradiative path that involves electron transfer froam Q perature is high enough to allow the radiative charge
to P680" has also been proposef) 12). recombination pathway. A determination of the relative

_ The existence of two competing pathways of @lecay  jmportance of the radiative and nonradiative pathways under
in PS 1I, one of which is radiative and leads to the formation yysiological conditions is less straightforward, and quantita-
of P680* and (thermo)luminescence emission and the secondjye gata for intact PS Il to our knowledge have not been
of which is nonradiative and therefore does not lead to the reported in the literature. The maximum TL shift in the C7-3
formation of P680* (Figure 6), provides a good explanation m tant from 5 to 13C is accompanied by a 2.5-fold increase
for the observed TL and fluorescence data. However, 10 j, the amount of charge recombinations occurring via the
understand the experimental observations (i.e., the absence,qiative pathway. The time that elapses on heating from 5

of TL in C8-2 and other mutants), it is imperative that the 5 13°c (20 s; heating rate of 0.2C/s) in the C7-3 mutant
nonradiative pathway exist at low temperatures (less thanjg jngicative of the lifetime of the charge-separated state of

approximately-10°C) and is augmented in the mutants that  pg |y i this mutant, and therefore, radiation-less decay occurs
lack TL, whereas the radiative pathway is insignificant in o 5 ime scale of many seconds at this temperature. Judging
this temperature range. This interpretation is very reasonableg,m, the relative temperature insensitivity of the nonradiative
as the ac.t|vat|on energy of the nonradiative recombination pathway (see ref) and the increasing rate of recombination
pathway is expected to be much smaller than that of the ;5 the radiative pathway with increasing temperature, one

radiative pathway. To recombine radiatively, th@%" state 5 speculate that the radiative pathway at room temperature
must be activated by an energy of more than 700 mV (the may be significant.

free energy difference between the P68@&d P680S; L . , .
states, which is-100 mV according to re89, plus the free If so, this situation would be different than in bacterial
energy difference between the P68Q*@nd P68OQA~ reaction centers where the charge recombination between

states, which is nearly 600 mV according to @f The  Qa and the oxidized primary donor'Dat room temperature
nonradiative charge recombination is likely not to involve Was shown to occur almost exclusively by a nonradiative
the formation of a P68(Pheo charge pair, but rather a  Pathway 42). In DCMU-treated pea thylakoids with an
charge recombination between Qand P680 that leads to ~ Inactive oxygen-evolving system, Jursinic and Govindfe (
P680Q formation. In this reaction, the only activation energy ©Stimated that more than 90% of recombinations occur at
that is required is that of the formation of the P68pstate  '00M temperature via a nonradiative pathway, based on the
from the P680Sstate AG® ~ 100 mV in the wild type; comparison of the delayed luminescence and fluorescence
significantly smaller in the mutants lacking TL). Therefore, (Fo) Yields. However, in general a quantitative determination
our interpretation of the absence of the Q-band of TL in the Of this percentage from luminescence yield measurements
C8-2 mutant and mutants similar to it is that the decrease iniS difficult for two reasons. In the first place, chlorophyll
the energy gap between the P68 and P680S states excitation resulting from charge recombination, which is
facilitates nonradiative charge recombination at low tem- likely to reside initially on P680, may be used more easily
peratures. This depletes essentially alQ$ radical pairs for charge separation than excitation absorbed by the antenna.
during the TL recording before the rate constant of radiative S€cond, th&o yield is likely to overestimate the probability

recombination becomes high enough to observe TL. of fluorescence and/or luminescence emitted by an open PS
Several possible pathways exist for nonradiatiye Qecay Il, as at least in cyanobacteria this yield includes components
in PS I1. These are direct electron transfer froar @ P680 with a long fluorescence lifetime that are not associated with

(in view of its occurrence at low temperatures, involvement the PS Il complex44) and a component associated with PS
of Pheo is unlikely) and an indirect pathway of electron

transfer involving cytbssg or other intermediates. EPR In conclusion, the results of this study indicate that
measurements carried out with thylakoids isolated from mutations in different areas of the CD-loop of the D2 protein
different mutants used in this study have shown thabgyt modify the equilibrium between the P68% and P680%

is essentially in the oxidized low-potential formg € 2.93) states, which in turn causes changes in charge recombination
in samples that have been dark-adapted for a short period ofand TL characteristics of PS Il. The results are also clearly
time (data not shown). Therefore, dyso in these samples  indicative of a nonradiative recombination pathway, presum-
may conceivably be reduced by the acceptor side. However,ably involving direct recombination betweennQand an

the nonradiative charge recombination pathway that is oxidized chlorophyll associated with P680which is the
enhanced in the majority of mutants is not likely to involve major recombination pathway at low temperatures and which
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also may be important in the wild-type PS Il complex under
physiological conditions.
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