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ABSTRACT: Flash-induced chlorophyll fluorescence kinetics from photosystem Il in thylakoids from the
dark-grown wild type and two site-directed mutants of the D1 protein His190 residue (D1-H190) in
Chlamydomonas reinhardtiiave been characterized. Induction of the chlorophyll fluorescence on the
first flash, reflecting electron transport fromy Yo P680, exhibited a strong pH dependence withka p

of 7.6 in the dark-grown wild type which lacks the Mn cluster. The chlorophyll fluorescence decay,
measured in the presence of DCMU, which reflects recombination betwgerarf@ Yz°%, was also pH-
dependent with a similarkpof 7.5. These results indicate participation by the same base, which is suggested
to be D1-H190, in oxidation and reduction of ¥\ forward electron transfer and recombination pathways,
respectively. This hypothesis was tested in the D1-H190 mutants. Induction of chlorophyll fluorescence
in these H190 mutants has been observed to be inefficient due to slow electron transfey t@P680
[Roffey, R. A., et al. (1994 Biochim. Biophys. Acta 118257-270]. We show that this reaction is
pH-dependent, with akpof 8.1, and at pH>9, the fluorescence induction is efficient in the H190 mutants,
suggesting direct titration of X The efficient oxidation of ¥ (~70% at pH 9.0) at high pH was confirmed

by kinetic EPR measurements. In contrast to the wild type, the H190 mutants show little or no observable
fluorescence decay. Our data suggest that H190 is an essential component in the electron transfer reactions
in photosystem Il and acts as a proton acceptor uppoxidation. In the H190 mutants, this reaction is
inefficient and Yz oxidation only occurs at elevated pHs whenp i¥elf probably is deprotonated. We

also propose that H190 is able to return a proton & during electron recombination fromaQ in a
reaction which does not take place in the D1-H190 mutants.

Photosystem Il (PSit)catalyzes the light-driven oxidation  P680, the pheophytin acceptor, and the first and second
of water and the reduction of plastoquinode-4). The PSII qguinone acceptors,£and @, respectively. After a charge
reaction center is made up of at least six polypeptides, separation, forming P680and Pheo, these radical species
including D1, D2, cytochrombsse, and some low-molecular  are stabilized by the oxidation of Pheby a fixed plasto-
weight subunits. The structurally similar D1 and D2 quinone molecule,  and the reduction of P68{40—280
membrane-spanning polypeptides bind the primary donor, ns) by Y, [Tyr161 on the D1 protein, which acts as a neutral
radical, @)]. Charge recombination between Qand Yz%*
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1 Abbreviations: PSII, photosystem II; Chl, chlorophyll; P680, ; ic i ; -
primary donor of PSII; P700, primary donor of PSI; Pheo, pheophytin; During catalysis, it cycles through five S stateg; S, and

Oa and @, primary and secondary quinone acceptors, respectively; molecular oxygen is released in the-S 54—> So tran_Sition
Yz and Yo, redox active tyrosines, secondary donors in PSIl; D1 and (2, 3, 6, 7). The Mn cluster also contains calcium and

b2, t“’ta.C“O” Cle”tert%o'ypegtgszolfg%sHS ?543 algg CPt4h7, CDhl'OVOF;hY”' chloride ions which are essential for oxygen evolution (see
containing polypeptiaes in ) , nistidine on the protein; . . . .
DCBQ, 2,6-dichlorop-benzoguinone; DCMU, 3-(3,4-dichlorophenyl)- refs 2, 3, and7 for a detailed discussion). Most likely, the

1,1-dimethylurea; Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic D1 and D2 proteins contribute ligands to the manganese,
acid; Mes, 2-{-morpholino)ethanesulfonic acid; Tris, tris(hydroxy-  calcium, and probably also to the chloride io§ @lthough

methyl)aminomethane; EPR, electron paramagnetic resorfagasifial rbe - . :
level of fluorescence before actinic flask;na, maximal level of CP43, CP_47,_and cytochro sMight also be involved in
fluorescence after actinic flasfma, total maximal level of fluores- cofactor binding §).

cence, measured in the presence of 10 mM dithioritg; variable A number of potentially manganese-coordinating amino

fluorescence after actinic flashF'gax — Fo); Fv, total variable . . - . . .
fluorescenceRmax — Fo): Fina, final level of fluorescence after decay acid residues have been studied by site-directed mutagenesis

reactions are completed. in D1 protein mutants oBynechocystisp. PCC 68039—
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23) andChlamydomonas reinhardt{fP4—27). D1-H190 is
a conserved, important residue on the lumenal side of the
D1 protein which is located in the vicinity of P680 and Y

Mamedov et al.

D1 protein at the H190 positior24). H190F contains a
histidine to phenylalanine mutation as a result of the CAC
to TTC substitution in exon 4 in thesbAgene. H190Y, a

(28—30). H190 has been suggested to have several functionshistidine to tyrosine mutant, was generated by a CAC to TAC

such as being an active component of the water-splitting
complex @1), a manganese ligandg, 21, 24, 32, 33), and
providing a hydrogen bond to2Y(16, 18, 28, 29).

The two latter ideas are particularly interesting with respect

substitution at the H190 (D1) codon. The construction,
verification, and molecular characterization of the site-
directed mutants are described elsewhed. (

Growth Conditions. Cells of theC. reinhardtiiwild type

to the recently proposed hydrogen atom abstraction mech-CC-2137 strain that becomes green in the dark, and both
anism for water oxidation involving metalloradical chemistry mutants, were grown heterotrophically in Tris-acetate phos-
(7, 34—38). In this model, ¥°* abstracts hydrogen atoms phate mediumg2) in a shaking incubator at 28 in total
from Mn-coordinated water molecules during the S state darkness (except for the light-grown wild type). Darkness
transitions. During oxidation of ¥by P680, the phenolic was used to avoid photoligation of the Mn cluster in PSll in
proton on Y is rapidly released, leaving a neutral tyrosine the wild type and to eliminate photoinhibitory effects during
radical on Y. Yz**would then move and extract a hydrogen cell growth. The latter is especially important since the
atom from a nearby water molecule coordinated to Mn. This mutants are very sensitive to light4-26). Cells were
model is supported by the observed flexibility 0f% (35, grown for 7=10 days before harvesting near the end of the
39—42), the proposed short distance betweerayd the Mn logarithmic phase at a concentration of about délls/mL.
cluster ¢, 41, 43), and the favorable energeticg4. The cell density was determined using a light microscope
However, it is challenged by the small isotope effects on and a hemeocytometer.
the reactions involved46—47; see however re48) and the Thylakoid Preparation.All preparation procedures were
proposal that the proton expelled from Mpon its oxidation carried out in total darkness, and the samples were kept on
remains in the vicinity of P680. The latter hypothesis is ice throughout the process. Cells were harvested by cen-
derived from proton release and electrochromic shift meas-trifugation for 5 min at 5009 and washed once in a buffer
urements 47, 49, 50) and transient absorption change containing 25 mM Hepes-NaOH (pH 7.0) and 15 mM NaCl.
measurementsiy, 50, 51). The resulting pellet was resuspended in the same buffer with
Regardless of the mechanism for water oxidation, the the addition of 5 mM EDTA, and the cells were thereafter

oxidation of Yz involves movement of a proton from the Proken by repeated sonication for>2 10 s in a Branson
oxidized tyrosine residue to a nearby base, and characterizaSonifier B-30 sonicator. Unbroken cells and cell debris were
tion of the proton release fromy¥is very important for our ~ fémoved by centrifugation for 15 min at 490The thylakoid
understanding of this process. From computer modeling membranes were then harves_ted by centrifugation for 1_0_m|n
studies, H190 has been suggested to lie close tat(B) at 2000@ and washed once in the same EDTA-contammg
Y, on the D1 protein 28, 29). It was, however, pointed buffer. _After EDTA wa_shmg, the thylakoids were resus-
out in ref28that the distance in the computer model between Pended in a buffer containing 25 mM Hepes-NaOH (pH 7.0),
Y and H190 is too long to promote a typical hydrogen bond, 400 MM sucrose, and 15 mM NaCl and washed twice to
and recent spectroscopic evidence suggests there are at lea¢move the EDTA. The final preparation of thylakoids was

two partners for hydrogen bonding tozYone of them
probably H190 43).

In this study, we have performed electron transfer meas-

urements in mutants in the D1-H190 residue to further assess

the partner for forming a hydrogen bond te.YMutants in
D1-H190 (fromC. reinhardtii or Synechocysti§803) are
unable to assemble the Mn cluster, making them unable to
oxidize water 24—26). In addition, and very importantly,
the electron transfer from xto P680 is very slow in the
mutants 16, 21, 24), leading to inefficient induction of the
EPR spectrum from X*. Nevertheless, the EPR spectrum
of Yz°¢ is unchanged 25), indicating that the structural
changes in the vicinity of ¥ are not very large. Here we

have applied detailed fluorescence studies in the dark-grown”

wild type and two mutants in H190. It is found that the
efficiency of electron donation from ¥varies greatly with
pH. At elevated pH, both forward electron transfer and back
reactions are influenced differently in the mutants and the
wild type, permitting new conclusions to be drawn concern-
ing the involvement of D1-H190 in the hydrogen bonding
to Yz.

MATERIALS AND METHODS

Site-Directed MutagenesisSite-directed mutations in PSI|
of the green alga€. reinhardtii were introduced into the

frozen in liquid nitrogen and stored at80 °C at 2.5-3.0

mg of Chl/mL.

Chlorophyll a Fluorescence Measurementshlorophyll
fluorescence was detected with a PAM 100, pulse
amplitude modulated fluorimeter (Walz, Effeltrich, Ger-
many). The monitoring measuring light pulses (650 nm)
with a 1us duration were applied at a frequency of 1.6 kHz,
except as noted. Single saturating actinic flashes with an
approximately s width at maximum were provided by a
Walz XST-103 xenon flash lamp. The fluorescence detection
began 120us after the flash. Data were collected and
analyzed using the QFIP program (version 4.3, QData

Oy, Turku, Finland). The thylakoid concentration was 20
g of Chl/mL in the presence of 40M DCMU. Before

the measurement, each sample was dark adapted for 1 min
after the addition of DCMU.

EPR SpectroscopyX-band EPR spectra at room tem-
perature and at the temperature of liquid helium were
recorded with a Bruker ESP380E spectrometer equipped with
an Oxford Instruments cryostat and temperature controller.
Signal lkiew (Y %) was generated by continuous illumination
at room temperature with a 1000 W projector lamp filtered
through 5 cm of copper sulfate solution. For kinetic
measurements, saturating laser flashes (6 ns, 300 mJ at 532
nm) from a Nd:YAG laser (Spectra Physics NRF-05) were
directed into the EPR cavity. The thylakoid suspension was

a
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Table 1: Characterization of PSIl in Thylakoids from the
Light-Grown (LG) and Dark-Grown (DG) Wild Type and H190
Mutants ofC. reinhardtii

oxygen evolutiod PSIl conterit F,/F,° Mn content

LGWT 205 100 0.60 5.19
DG WT 0 41 0.44 13
DG H190F 0 33 0.34 11
DG H190Y 0 39 0.35 0.9

aMicromoles of Q per milligram of Chl per hour (measured with
a Clark electrode with 2 mM ferricyanide and 0.5 mM DCBQ as
electron acceptors andu@/mL of gramicidin at 20C).  The relative
PSIl content was determined on the basis of the maximal inducible
size of EPR signal Yo, measured on a Chl basis (%)Measured in
the presence of 40M DCMU and 10 mM dithionite ¢ Analysis of
the Mn content was done on the Spectra AA 10 Varian atomic
absorption spectrophotometer. The Mn content is given as the number
of Mn ions per 200 Chl molecules.

contained in a flat cell, and the triggering of the laser and
the EPR recording was carried out by a home-built triggering

device. The spectra were evaluated using ESP300 and

Bruker Win-EPR software.
RESULTS

Photosystem Il Characterization

In the presence of an exogenous carbon source, cells 0
C. reinhardtii can be grown in complete darkness. Under
such conditions, PSII is assembled and the PSII complex is

Biochemistry, Vol. 37, No. 40, 19984247
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Ficure 1: EPR spectra of y°* in thylakoid membranes frort.
reinhardtii in the light-grown wild type (a), the dark-grown wild
type (b), the dark-grown D1-H190F mutant (c), and the dark-grown
D1-H190Y mutant (d). Spectra were normalized to the same
concentration of Chl. The radicals were induced by illumination

ﬁor 2 min at room temperature for spectrum a and for 8 min for

spectra b-d. The samples were dark adapted for 5 min prior to the
measurements. EPR conditions were as follows: microwave
frequency, 9.47 GHz; microwave power, 1.48V; modulation

able to perform primary charge separation and light-driven amplitude, 0.32 mT; time constant, 20.48 ms; and conversion time,
electron transport from the donor side to the quinone 81.92ms. The spectra were recorded at 15 K. The different signal-

_ ; to-noise ratio reflects the fact that eight scans were added in spectra
acceptors. However, PSl from dark-grown cells is unable a and b while 16 scans were added in spectra ¢ and d. The thylakoid

to oxidize water because the assembly of a functional Mn ¢oncentrations were 1-%.5 mg of Chl/imL.

cluster is a light-dependent process3{56). Table 1

summarizes some of the characteristics concerning the PSlifor this discrepancy is thatp?¥ is difficult to induce in these

content and activity of the preparations used in this study. It
is clear that PSII from dark-grown cells contains no or very
little Mn. In addition, both the EPR data and thgF, ratio
indicate that the PSII content is significantly lower in the
dark-grown membranes.

EPR MeasurementsFigure 1 shows the EPR spectra of
Y% (signal llow) in thylakoid membranes from the wild
type and the H190 mutants @. reinhardtii. The EPR
spectrum of ¥%°% is similar in the different samples and
shows ag value of 2.0045-2.0048 and an overall peak to
trough line width of 2 mT which is normal for y** (57—

59). It should also be noted that, under our measuring
conditions (pH 7.0), ¥°¢ was more difficult to induce in
the dark-grown wild type and H190 mutants than in the light-
grown wild type. Light saturation experiments (not shown)
revealed that illumination for 8 min at room temperature was
necessary to induce maximap in the dark-grown material
compared to illumination for 2 min in the light-grown wild

mutants. We were not aware of this in our earlier study
and used too little light to achieve maximab® induction.
Estimation of F Fluorescence. A versatile tool for
analyzing the function of PSII is to measure GHluores-
cence, and the variable fluorescen€g, is an important
indicator of PSII activity 60, 61). To determine whether
there were any subtle differences between the PSII activity
in the dark-grown wild type and the H190 mutants, we
measured the Clal fluorescence rise and decay after single-
turnover flash excitation of the thylakoid membranes.
Initially, the F./F, ratio representing the maxim&l, was
determined in the presence of 48 DCMU and 10 mM
dithionite to completely reduceQ In thylakoids from the
light-grown wild type, theF,/F, ratio was 0.60 (Table 1)
which is unexpectedly low and probably reflects our growing
and preparation conditions. It should be pointed out,
however, that the high rate of oxygen evolution (Table 1)
indicates that the seemingly lok/F, is not due to a large

type. The relative amount of PSII was calculated on the fraction of inactive PSII centers. In the dark-grown wild
basis of the maximal EPR signal size from® (Figure 1) type, F/F, was found to be 0.44, probably reflecting the
which corresponds to one radical per PSII reaction center.lower PSII content in the dark-grown cells. Furthermore,
Interestingly, the PSII content in the dark-grown wild type theF,/F, determined in the presence of dithionite was found
was only 41% of the PSII content in the light-grown wild not to be pH-dependent. The flash-induégdn the H190F
type. The PSII content in the dark-grown cells was almost mutant (in the presence of DCMU at pH 7.5) was reported
similar in the wild type and the H190 mutants (33 and 39% to be extremely low [about 10% of that in the wild type
for the H190F and H190Y mutants, respectively, Table 1). (24)]. Our measurements confirm these observations (see
It should be noted that we earlier estimated the amount of below). In contrast, the determination of the to&l(not

Y% in these mutants to be lower[l5% 5)]. The reason only from the first flash) in the presence of 10 mM dithionite
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shows & ,/F, value of 0.34-0.35 in the two H190 mutants.
Thus, the determination of the tot&l indicates that the
content of functional (except for water oxidation) PSII centers
is similar in the H190 mutants and the dark-grown wild type,
consistent with our EPR results (Figure 1 and Table 1).

Flash-Induced Variable Fluorescence Decay Kinetics

F,* 0.2

An assay sensitive to the functional properties of the donor
side in PSIl is based on measuring the kinetics of the
fluorescence decay after a single flash in the presence of
the inhibitor DCMU (L1, 13, 14, 19, 20, 22, 62). The flash- flash
generated charge separation results in formation gf Q 2 ms
which is considered to be related to the yield of variable
fluorescence (fluorescence rise from thglevel to F'may).

In the presence of DCMU, forward electron transfer from
Qa~ to Qs is blocked. Instead, recombination reactions to B
the donor side of PSIl will dominate in the decay of the
variable fluorescence. Consequently, this assay is sensitive
to the properties and oxidation state of the redox components
on the donor side of PSIl. It might therefore be useful to
study electron transfer in mutants in the vicinity of ke

the H190 mutants.

Dark-Grown Wild Type. In thylakoid membranes from Aoy
dark-grown cells, several flashes were needed to induce
maximal F, (Figure 2A-C). After five flashes, the fluo-
rescence level reached its maximum, indicating the ac-
cumulation of @~ in all PSII centers. This flash-dependent
increase ofF', was clearly pH-dependent and much more
efficient at higher pH. At pH 5.5, the observEd produced
by the first flash was only half of that produced by the second
flash, and five flashes were needed to reach the tajal
(Figures 2A and 3A). At pH 7.0, thE', produced by the
first flash was equal to thE'y produced by the second flash,
and two or three flashes were needed to reach the Fotal
At pH 9.0, almost 90% of the totd, was produced by the
first flash (Figures 2B,C and 3A). The latter result shows
that the flashes were saturating, and we can conclude that A
all PSII centers could be excited by the flash. flash

The lowF', in the first flash at pH 5.5 (about 45% of the
total F,, Figures 2A and 3A) then suggests that a large
fraction of the Q™ formed by the flash never resulted in a
high fluorescence state. In the presence of the DCMU, this

F,x0.2

F,*0.2
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Ficure 2: Single flash-induced fluorescence kinetics of charge
recombination betweenQ and the donor side of PSII in thylakoids

probably reflects recombination betweep(and P680 in from dark-grown cells of the wild type. The numbers on the right
a large fraction of the centers. The remainkfig however, refer to the flash number in a train of actinic flashes. Measurement
represents centers in which P68@as reduced from ¥. conditions were as follows: 19C, 30ug of Chlin 1.5 mL of a

; ; _ ; buffer containing 400 mM sucrose, 15 mM NaCl, and 46
Thus, it seems that, in PSII from the dark-grown wild type, DCMU at (A) pH 5.5 (25 mM Mes-NaOH), (B) pH 7.0 (25 mM

the electron donation to P68Grom Yz (nanosecond time Hepes-NaOH), and (C) pH 9.0 (25 mM Tris-HCI). The first 10 ms

scale in PSII capable of oxidizing water) after the first flash of the decay was measured at a modulation frequency of 100 kHz,
is slower at low pH values, resulting in lok#,. The more beginning 2 ms before the actinic flash was administered. The

efficient F'y induction at higher pH values indicates that the Em\le{rﬁ?géiﬁ?f\l’;ﬁen;evizlrjeredi \?gmaén:?#g:rt\i/%l?sfr%qauc?]n%gg 16
electron transfer frqm Xto P68.0 becomes faster and represents the average of 10 megasurements in independent samples.
suggests a protonation step at this stage. It should be noted
that the flash-induced induction &, in thylakoids from to 43 ms at pH 7.0 and 131 ms at pH 9.0. These half-times
light-grown cells was more efficient at all pH values are in the millisecond time range and probably reflect
compared to that of the dark-grown material (not shown). recombination between Q and Y, which occurs in this

We also studied the decay of the flash-indudedin time regime 11, 13, 14, 20, 62—64). Importantly, the faster
thylakoids from dark-grown wild type cells (Figure 2). The recombination rate betweemnQand Yz** at lower pH values
results are shown in Table 2. The half-time for the also suggests the involvement of a protonatable group at this
fluorescence decay again shows considerable dependence ostage.
the pH at which the fluorescence was measured. AtpH 5.5, Another observation in these measurements was that, at
it was found to be 9.3 ms, and this value increased with pH high pH values, the final level of the fluorescendégnf)
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Table 2: pH Dependence of the Decay Half-Time of the
Flash-Induced Fluorescence, Obtained Using a Single-Exponential
Curve Fit, in Thylakoids from Dark-Grown Wild Typ€.

reinhardtii Measured in the Presence of 4M DCMU

pH t12 (Ms) pH taz (MS) pH taz (MS)
55 9.3 7.0 43 8.5 103
6.0 17 7.5 73 9.0 131
6.5 31 8.0 87 9.5 123
0 1 2 3 4 5
100
— ot
S
(o]
p—
4— &0
o
—
C
Q 0r
o
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& o
L
B
0 ) . A L
5 6 7 8 9 10

pH

Ficure 3: (A) Flash number dependence on the accumulation of
the high fluorescence staté&'fay in the thylakoids from dark-
grown wild type cells ofC. reinhardtii The fluorescence yield was
measured essentially as in Figure 2 at pH @5 7.0 @), and 9.0
(a). The Frmax level, reached in the presence of 10 mM dithionite,
is indicated by the dotted line. (B) pH dependence and fitting of
the experimental data of the first flash amplitu® @nd the half-
time of fluorescence decayj as a percentage of tot&, and
fluorescence decay at pH 9.0.

after the first flash was higher than the initig}. At pH
9.0, Fiina remains at half of thé=, value which indicates
that the electron remains onQin a substantial fraction of

Biochemistry, Vol. 37, No. 40, 19984249

similar pH dependence was reported for the inductiongdfY

[pPK = 7.3 65)]. In this case, D2-H190 was suggested to
be involved in the protonation and deprotonation reactions
of Yp during its oxidation. It is likely that similar interac-
tions might also be important in the oxidation of ®¥n the

D1 protein, since the phenolic proton must leave theide
chain after oxidation [it is known that the;¥ EPR spectrum
represents a deprotonated but hydrogen-bonded tyrosine
radical @5, 39, 40)].

The increase of the fluorescence decay half-time was also
pH-dependent. Simulation shows i pf 7.5 which is very
similar to the X of the flash-induced fluorescence rise,
possibly indicating the involvement of the same protonatable
group in this reaction (Figure 3B). Summarizing our flash-
induced fluorescence measurements in thylakoids from the
dark-grown wild type, we conclude that both the forward
electron transfer from ¥to P680 and the recombination
pathways are sharply pH-dependent.; ¥ more easily
oxidized at higher pH values.

Mutants in D1-His190 Fluorescence measurements in
D1-H190 mutants irSynechocystisp. PCC 680216, 18,

21) and from theC. reinhardtii HL190F mutant Z4) have
been reported earlier. In the H190F mutant, the fluorescence
rise was 18fold slower than in the dark-grown wild type
and Q~ was accumulated with a very reduced quantum yield
(24).

Figures 4 and 7 show the flash-induced fluorescence
kinetics in the two mutants studied here, D1-H190F and D1-
H190Y. The kinetics of the fluorescence rise after a single
flash are very slow and show a rise half-time of 50@0
us in thylakoids from the H190F mutant (Figure 4) which is
similar to those reported earlier24). This rise was
interpreted to reflect slow reduction of P8®om Yz which
thus is thought to be a very slow and inefficient donor in
H190 mutants 16, 21, 24). Accumulation of the high
fluorescence state, reflecting the presence ©f iQ all PSI|
centers, shows considerable dependence on pH. At low pH
values, more than five flashes are required to accumulate
Qa~ (or Fmay in all active centers (Figures 4A,B and 5A),
as observed previoushil§, 21, 24).

Unexpectedly, at pH 9.0, only two to four flashes were
needed, suggesting more efficient electron donation at higher
pHs (Figures 4C and 5A). Interestingly, tRg. level was
stable for a considerable time (minutes) under our measuring
conditions, and no decay from the high fluorescence state
was observed even at low pH values which is different from
the situation in the wild type where the decay occurred
quickly at low pH (9.3 ms at pH 5.5, Table 2).

The pH dependence of the fluorescence amplitude after
the first flash in the H190F mutant is shown in Figure 5B.
Fitting the experimental data produceska @f 8.1 for this

the centers (Figure 2C). This phenomenon has been previ-induction which is 0.5 pH unit higher than in the wild type

ously addressedp—64), and the stabl&ny Was attributed

(Figure 3B), suggesting that a different titratable side chain

to the presence of an unknown donor in this type of material on the donor side of PSII controls this reaction (oxidation

(16, 24).

of Yz) in the H190F mutant compared to that for the wild

The pH dependence of the flash-induced fluorescencetype.

amplitudes is shown in Figure 3B. The increase of the first
flash amplitude with pH, i.e., the efficiency of the electron
donation to P680, correlates with the decrease of the second
flash amplitude (not shown). Fitting the experimental data
with a HendersorrHasselbalch equation results in i pf

7.6 for this phenomenon. It is interesting to note that a

The observation (Figure 4C) that the fluorescence induc-
tion is more efficient at elevated pHs in the H190F mutant
suggests that a donor to P68becomes active. The main
candidates for this donor arezYcytochromebssg, and Yo.

In control experiments, we could exclude cytochrobag
and Yp (see below). Therefore, we turned to kinetic studies
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Ficure 5: (A) Effect of flash number on the accumulation of the

high fluorescence state in the H190F mutant. The fluorescence yield

was measured essentially as in Figure 2 at pH ®) 7.0 @),

. 10 and 9.0 A). The Fyax level, reached in the presence of 10 mM
dithionite, is indicated by the dotted line. (B) pH dependence and

fitting of the experimental data of the first flash amplitude in the

H190F mutant.

It is very important to assign the flash-induced radical
transients in Figure 6A. At pH 6.0, this was done as
previously described25), and transient spectroscopy re-
vealed that the spectral shape of°fwas not affected in
the H190 mutants, although only #Q5% of the radical was
C induced. At pH 9.0, we have not performed a complete
spectral analysis, but in Figure 6A are shown traces recorded
at two field positions. The trace recorded at 346.6 mT
Ficure 4: Single flash-induced fluorescence kinetics in the D1- corresponds to the low-field shoulder Qﬁo{_ The ag_nal S
H190F mutant. Thylakoids from dark-grown cells were assayed as Very large and amounts to 70% of ¥xidation. A kinetic
in Figure 2 at pH 5.5 (A), 7.0 (B), and 9.0 (C). Each trace represents trace was also recorded at 347.7 mT. At this field position,
the average from ten (B), five (A), and three (C) samples. Actinic we could not observe any signal from a flash-induced radical.
flashes were givents s intervals. This is not surprising since 347.7 mT corresponds togthe
of Yz induction at different pH values. Figure 6A shows value = 2.0046) of \;°*. Atthegvalue, a radical species
the results of these experiments. At pH 5.5, we observed ashows no amplitude in the EPR spectrum, and the lack of
very small induction of the ¥* radical. In contrast, at pH amplitude is, in fact, support for our argument in favor of
9.0, the amplitude of the flash-induced®was much bigger.  assignment of the radical to/¥. It should also be noted
Spin quantification using the maximal amplitude of°Y¥in that other potential radicals in PSIl (ChlP680", caro-
the wild type as the spin standard revealed that as much agenoid', etc.) have loweg values than ¥°* and should show
70+ 3% of Yz was oxidized in a single flash in the mutant. considerable amplitude at 347.7 mT.

At pH 7.0, about 2Gt 5% of Y, was oxidized by the flash, Seemingly simple, the experiments in Figure 6A turned
consistent with our earlier studie®q) where we observed out to be very prone to misinterpretation. We earlier
10—15% Yz oxidation at pH 6.0. It should also be noted observed that ¥is rapidly inhibited by flashing in the H190
that the 10 flashes given to the sample did not result in any mutants 25). At pH 9.0, this photoinhibition is very
measurable oxidation of pr(not shown). prominent, and a significant fractiorr 25%) of the Y;°*
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Ficure 6: (A) Kinetic decay traces of flash-induce@® recorded flash C
at different pHs in thylakoids from the dark-grown D1-H190F 1

mutant in the presence of 100 mM ferricyanide [to quantitatively
oxidize P700 25)]. Each trace represents the average from 10
samples (only 10 flashes with a 30 s interval were applied to each
sample to minimize photoinhibition) at a magnetic field 346.6 mT
(at the low-field shoulder of ¥*) or 347.7 mT (at they value of

Y 2%). EPR conditions were as follows: microwave frequency, 9.77
GHz; microwave power, 40 mW; modulation amplitude, 0.5 mT;
time constant, 20.48 ms; and conversion time, 20.48 ms. The radical is irreversibly photodamaged over only 20 flashes.
kinetics were recorded at 294 K. The concentration of the thylakoids To minimize this problem, each sample in the traces in Figure
was~2.5 mg of Chl/mL. The inset shows a spectrum gfwvhich 6A was only exposed to 10 laser flashes. We can thus

is very similar to the spectrum of,¥* (25). The two arrows indicate . .
the field positions used at 346.6 (the low-field maximum) and 347.7 conclude that the 70% flash induction of%f at pH 9.0

mT. The latter position corresponds to thealue of Y- and Yo, probably_ underestir_nate_s the true first flash induct_ion of Y
(B) EPR spectra of thg, ~ 3.0 peak from oxidized cytochrome The main conclusion is clear however;; Yalso is the
bssein the H190F mutant at pH 9.0 from the dark-grown thylakoids  functional donor to P680at high pH in the mutants.

prior the flash illumination (top spectrum, a) or after five saturating Here we also report flash-induced fluorescence results for

laser flashes (bottom spectrum, b). EPR conditions were as . - I
follows: microwave frequency, 9.47 GHz: microwave power, 5.41 the D1-H190Y mutant irC. reinhardtii (Figures 7 and 8).

mW; modulation amplitude, 1.58 mT; time constant, 40.96 ms; and 1he fluorescence rise characteristics at low pH are quite
conversion time, 81.92 ms. The spectra were recorded at 15 K. similar to those in the H190F mutant and show slow electron

Ficure 7: Single flash-induced fluorescence kinetics in thylakoids
from the dark-grown D1-H190Y mutant. The measuring conditions
were as described in Figure 2 at pH 5.5 (A), 7.0 (B), and 9.0 (C).
Each trace represents the average of three (A and C) and five (B)
samples. Actinic flashes were giveh@s intervals.
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13 ¢ observed previously at neutral pHs and was attributed to the
action of an unknown donod. g, 24). We exclude ¥ as a
possible donor to P680n H190 mutants due to difficulties
in inducing Yp°* even at high pH (see above). Another
possible stable donor is cytochrorgg which, at high pH,
is converted to its high-potential forn6§). However,
cytochromebssg can also be excluded as our EPR measure-
ments at pH 9.0 showed no changes in the content of
oxidized cytochroméssg after five laser flashes in both H190
mutants (Figure 6B, not shown for the H190Y mutant). This
flash treatment is enough to fully reduce, @compare
Figures 4C and 7C), and if cytochronhess had been the
unknown electron donor, it should have been oxidized by
Number of flashes the flashes. Instead, our experiments (Figure 6A) clearly
show that ¥ is the electron donor to P680 The slow decay
60 r of the fluorescence then suggests thzthstead is reduced
s | by an electron from a source other thap. QPresumably,
this comes from the medium as* decays on the hundreds
of milliseconds time scale also at high pH (Figure 6A).

At low pH, we observed some decay in H190Y, but due
to the small induction of fluorescence, it was difficult to study
with precision. Therefore, we performed an experiment in
B which the high fluorescence state was induced at pH 9.6 in
0t a weak 5 mM Tris buffer. The pH was then quickly
o B readjusted to 5.5 with 50 mM Mes buffer. This allowed us

to observe the decay of the flash-induced fluorescence, and
20 S S in both mutants, this occurred almost to fhglevel within
5 6 7 8 9 10 1 min of dark incubation.

Thus, at high pH, the electron transport fromtgé P680°
is accelerated, leading to efficient accumulation of the high
FIGURE 8: (A) Effect of flash number on the accumulation of the fluorescent state (P6804Q) in the studied D1-H190 mutants
high fluorescence state in the H190Y mutant. The fluorescence yield and in the wild type. However, the recombination kinetics
\;Vr?j ggff)ur_e}% eeésenltg'g arz eigh':elg%etﬁea;r%ge:gevé? 1(?))’mM were severely inhibited in the mutants compared to the wild

. . max ’ i - i ic i

dithionite, is indicated by the dotted line. (B) pH dependence and type which suggests that the D1-H190 reSIdu.e IS 'mpo.rtam
fitting of the experimental data of the first flash amplitude in the NOt only for forward electron transfer but also in recombina-
H190Y mutant. tion pathways from @~ to Yz in PSIl. In the H190Y

) , mutant, the recombination rate was intermediate, always
transport to P680from Y7 (rise half-time of about 50@s much slower than in the wild type but faster that in the
at pH 5.5). However, the fluorescence rise kinetics become 141 90F mutant.

faster with increasing pH, and at pH 9.0, the rise half-time
in the H190Y mutant was less than 108 (within our time DISCUSSION
resolution, Figure 7C). This indicates that the electron
transfer from ¥, to P680 is accelerated with increasing pH We have characterized PSII reactions in the dark-grown
in this mutant. The high fluorescence state is also ac- wild type and two site-directed mutants, D1-H190F and D1-
cumulated significantly more efficiently in the H190Y mutant H190Y. A common way to study the assembly and function
than in the H190F mutant. Furthermore, the fluorescence of the donor side of PSIl is to remove the Mn cluster and
level induced by a single flash decays with a half-time of peripheral subunits with biochemical treatments such as Tris
approximately 400 ms in 3840% of the PSII centers atlow  washing 63—55, 67—69) which might affect the amino acid
pH values (Figure 7A,B) which is different from the very residues around the redox components on the donor side of
stable fluorescence in the H190F mutant. Together, thesePSIl. Here we have chosen another approach to minimize
data suggest that, although the mutation of H190 to a tyrosinethese problemsC. reinhardtii unlike higher plants, becomes
slowed the reduction of P680drom Yz, the donor side is  green when it is grown in darkness in the presence of a
less severely inhibited in H190Y than in the H190F mutant. carbon source. The entire PSII apparatus can be assembled
At higher pH, the donation from X is quite efficient, in darkness except for the Mn cluster, and “dark-grown PSII”
suggesting that a neighboring titratable group might accept performs both efficient charge separation and photoinduced
the proton from ¥ during its oxidation. Our analysis of electron transport reactions (excluding oxygen evolution).
the pH effect on the first flash amplitude (Figure 8B) shows Therefore, thylakoid preparations from dark-grown cells
a K value for this group of 8.1, very similar to the situation might provide a more suitable material for studying donor
in the H190F mutant (Figure 5B). side redox components such ag and Yp due to a less

An unexpected observation was that the high fluorescencemodified protein environment and a lack of the influence
state did not decay in the H190 mutants. This was especiallyfrom the Mn cluster than compared to commonly used Mn-
pronounced at high pH (Figures 4C and 7C). This was extracted preparations.
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at low pH (Figures 3B, 5B, and 8B), and the fluorescence
rise was very slow (1061000-fold slower compared to that
for the wild type) which is consistent with previous reports
(18, 21, 24). At pH 9.0, we could observe almost complete
oxidation of Yz (Figure 6A). In accordance with this, the
fluorescence induction was also efficient at high pH in the
H190 mutants. Thus, the electron transfer froptey P680
in the H190 mutants is controlled by the pH in the medium.
In both mutants, the K value for this acceleration was
different from the wild type value (8.1 compared to 7.6).
Therefore, the removal of H190 made th& for Y
oxidation higher.

The question then is, which base controls theoXidation
in the mutants? A i§ of 8.1 is basic, and there are few
clear potential candidates in the vicinity of yudging from
the structural proposals for the zYenvironment 29).
However, one option is that the increase of the pH resulted
in deprotonation of Y itself. The effect of ¥ deprotonation

We estimate, from EPR and fluorescence measurementswould indeed be that the electron transfer from would

the content of PSIl in dark-grown material to about40
50% of that in the light-grown cells (Table 1) which

be facilitated despite the lack of the normal base (H190).
Thus, we attribute the pH controlip= 8.1) of Yz oxidation

correlates well with earlier electron transport data in the H190 in the H190 mutants to direct titration of;\tself. A pK of

mutants 24, 25). F./F, was 0.4 in the dark-grown wild type
and 0.34-0.35 in the H190 mutants. This,/F, value is

8.1 is lower than that for free tyrosine Kp= 10.1).
However, it is not uncommon that amino acid residues show

rather low but was repeatedly found in material grown under abnormal s in proteins, and the lowerkpmight reflect
these circumstances. Thus, dark growing conditions producelocal effects around Xinduced by the protein.
only approximately half as many PSII centers compared to A second argument for our proposal that H190 is involved

light growing conditions. In addition, thg, level was higher
in the dark-grown material, indicating that a significant part

in the proton translocation around;Ycomes from the
recombination reactions. They were also found to be pH-

of the antenna chlorophylls might not be connected to the dependent in the dark-grown wild type (Figure 2) which is

reaction center.

consistent with a recent study on Mn-depleted PS1).(In

Our fluorescence measurements show that the accumulathe wild type, the fluorescence decay was controlled by a

tion of the high fluorescence state (reduction @j @ sharply

base (K = 7.5) which most likely reflects protonation of

dependent on the apparent pH value in the dark-grown the same base that controls &xidation (K = 7.6). Thus,
material. This does not reflect pH-dependent acceptor sidewe suggest that this base is H190 and that the decay results
reactions since the experiments were performed in the show that Q~Y2°* recombination occurs efficiently when
presence of DCMU which prevents forward electron transfer H190 can provide a proton (Scheme 1). However, at high
from Qa~. Instead, the accumulation of the high fluorescence pH, when the H is absent, the recombination is slower and

state F, induction) reflects forward electron transfer from
Yz to P680, and our experiments showed that this is more
effective at high pH. Our analysis of the first flash amplitude
induction indicates that the )Y-P680" electron transfer
kinetics are pH-dependent and accelerated witiK arglue

of 7.6 in the wild type (Figure 3B). The control of this
reaction by the local pH was shown earlier in Tris-treated
PSII preparations70—73). The group responsible for this
pH-dependent control of )Y oxidation was not identified.
However, it is interesting that a similakg~7.3—7.5) was

does not occur.

This conclusion is corroborated by our observations in the
H190 mutants where we only observed partial decay of the
high fluorescence state in the H190Y mutant at low pH
(Figures 4 and 7). In H190F, and at higher pHs in the
H190Y mutant, the fluorescence did not decay within
minutes. This stable £ was observed previousiyL§, 24,

51, 62—64), and it was suggested that an alternative donor
to Yz prevents charge recombination betweey @nd Yz%*
in the H190 mutants. We have searched for this donor and

reported for the protonation that retards electron transfer from can exclude ¥, cytochromebsss, and probably also M

Yp during its oxidation §5), and it was proposed that this
pK reflected protonation of the nearby H190 on the D2
protein. The involvement of D2-H190 in hydrogen bond
formation with Yp has later been proved by computer
modeling @9) and advanced spectroscop¥4{77). We
propose here that a similar mechanism control®Xdation
involving simultaneous proton transfer to D1-H190 and
oxidation of Yz in the dark-grown PSII (Scheme 1).

A first argument for this proposal comes from the first

due to the low Mn contentg1 Mn/PSIl). Instead, our
experiments show that the situation is conceptually similar
in the wild type and H190 mutants. In the wild type, the
Qa —Y 2z recombination occurs with a half-time of 10 ms
at low pH (no alternative donor is observed, the decay
encompasses all centers). At high pH, the recombination
rate was significantly decreasetd{ > 100 ms), and about
40% of the centers showed no recombination (Figure 2C).
This can be explained by competing.% reduction from

flash fluorescence induction in the H190 mutants and its pH electron sources other thamQwhich occurs in this time
dependence. At low pH, we hardly observed any oxidation range irrespective of pH (not shown, compare Figure 6A

of Yz [Figure 6A @25]. Also, the efficiency of the

for the H190F mutant). Thus, in the wild typeaQ-Y 2%

fluorescence induction was much lower than in the wild type recombination is controlled by pH and wins, at lower pHs,
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over Yz reduction from other possible electron donors in primary donor P680is lost to fast recombination with Q).

this kind of preparation (for a discussion, see 5&j. In This inhibitory situation can however be abolished at high
the mutants, however, recombination is slow also at low pH pH probably by direct titration of ¥-OH.

and Yz°*is reduced from the medium instead. We propose In the Q.~—Yz°* recombination pathway, the situation is

that the slow recombination is due to the lack of H190 which very different and recombination does not occur at all in the
should have delivered the proton during®reduction. H190F mutant and only to a limited extent in the H190Y

A third observation supporting our notion that D1-H190 mutant (see also ref6). In the wild type, charge recom-
is important for the function of ¥is that the recombination  bination is controlled by a group which has & pimilar to
differs in the H190F and H190Y mutants. In both mutants, the K of the group which regulates yYoxidation. This
the Q=Y recombination was slow relative to that of probably again reflects H190 protonatiodeprotonation. At
the wild type. Q~—Y* recombination was only observed high pH, Yz°% can either recombine or be re-reduced by other
in the H190Y mutant at low pH where it occurred in a donors, and both reactions occur on the same time scale. In
fraction of the PSII centers with a half-time of 400 ms. Thus, the mutants, the recombination is always slower agt i¢
the rate of recombination is under all circumstances slower mainly reduced by the electrons from the surroundings.
than or similar to the rate of )* reduction from other If this model is correct, an interesting question arises. If
electron donors25, compare also with Figure 5, the decay the presence of a proton in the vicinity of% is necessary
half-time of Yz°¢in H190F is 100 ms at pH 9.0). It should for its reduction by the recombination pathway, why is it
also be noted that the very stable high fluorescence statenot necessary for the reduction of% from the surround-
with no recombination to the PSII donor side in H190 ings? A possible way to explain this might be related to
mutants, correlates well with the complete absence of the how Yz is normally reduced. It was recently proposed that
At thermoluminescence band in the H190F muta8) (Y%, upon its reduction, mediates hydrogen atom transfer
which probably reflects poor recombination betweer Q  from metal-coordinated watei7,(34—38). In this mecha-
and Yz (3, 26). These experiments suggest that the nism, the reduction of ¥** from the Mn cluster is charge
exchange of D1-H190 to phenylalanine impedeas QY 2 neutral (an electron and a proton are translocated simulta-
recombination. We suggest that the electron stayssat Q neously) and the proton leaves and comes backAwiy
when H190, the proton abstracting partner fet 6 absent. different sites. Therefore, in this model, there are two
The partial decay of @ in the H190Y mutant might,  pathways for the proton to approach from substrate
however, suggest that a residue like tyrosine might partially water or by reversal of the proton abstraction via H190. One
replace histidine while a phenylalanine (H190F mutant) conclusion from our mutant studies is that they support the
cannot. Debus and co-worketk] also reported partial fast  options for two proton sites with access te°% In the
(hundreds of milliseconds) Q decay in D1-H190 mutants  absence of H190, Yoxidation is very inefficient due to the
(H190N, H190Q, H190L, and H190Y) from fluorescence inability of Y, to become deprotonated. Thus, H190 seems
studies in whole cells oBynechocystisp. PCC 6803. to be the proton-accepting base in forward electron transfer.

Recently, Rappaport and Lavergn&l) proposed that = However, our studies are performed in the absence of the
Qa~—Yz*¢recombination is controlled by a group “G”, with  Mn cluster. In this case, 2*is never reduced by hydrogen
a K of 6.0. This interacts electrostatically with%, while atom transfer from water. Nevertheless, we observe decay
the proton given off during ¥ oxidation, which in their view kinetics of Yz°* (Figure 6A) which are pH-independent and
does not necessarily occur via a hydrogen bond, is trappedquite normal for ¥%°% in the absence of the Mn cluster. In
by a nearby residue “A” which may or may not be the same addition, both electrons and protons can acces$déspite
as “G". Very recently Ahlbrink et al.47) suggested thatin  the absence of H190, suggesting another proton pathway
oxygen-evolving material this base, denoted as “B”, is very which is still functional in the mutants. In contrast, the
effective and the rate of proton transfer betweeraxd “B” absence of H190 completely prevents the back reaction from
is comparable to the rate of electron transfer frog Yn Qa~ to Yz which suggests that proton translocation occurs
the case of PSII without oxygen evolution, electron transfer via D1-H190 in this reaction. Another conclusion from the
from Yz to P680 is controlled by the protonation state of results in the H190 mutants, wherg®reduction from Q-
this base with alg of 7.0 @47). Our results are in essence is severely slowed, is also that the reduction oPXYis a
very similar to those in ref?l7 and 51. However, we coupled charge neutral reaction. The electron and the proton
consider that the results from our extension of the study to leave Yz simultaneously and have to come back simulta-
the H190 mutants are best accommodated in a model whereneously independent of pathway.
both these reactions, i.e., electron transfer froorP680 To conclude, our results support earlier observations that
and Q~—Yz% recombination, are controlled by the same the H190 residue on the D1 protein is an important
residue, D1-H190 (i.e., residues A, G, and B represent H190).component in the electron transport reaction from t§

Our conclusion is that H190 participates in both forward P680°. Our pH-dependent measurements indicate that H190
and backward electron transfer (Scheme 1). In forward accepts a proton from Y (16, 18, 29). In addition, our
electron transfer, H190 participates in proton reshuffling results rule out the direct involvement of D1-H190 in electron
around Y.. When the H190 is not protonated (high pH), transport from ¥ to P680 since Y; becomes an efficient
electron transfer is fast, while at low pH, the electron transfer donor at elevated pHs in the mutants. We also propose that
is slower. In the wild type, ¥ can always deprotonate to H190 is able to return a proton to ¥ during the recom-
H190 which acts as a weak base and acceptérém Y. bination from Q. In the H190 mutants, no such recom-
In the mutants, H190 is not present to accept the phenolicbination takes place. Our model for these reactions is
proton from Yz, leading to slower rates of P68@eduction outlined in Scheme 1 where we show interactions between
and a lowelF,4 level following a flash (most of the oxidized Yz and the H190 residue in the wild type and the H190
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mutants before (I) and after (Il) the first flash and during
charge recombination (llI).
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