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ABSTRACT. Upon introduction of random mutations in a region of fhebDI gene that encodes the D2
protein in the cyanobacteriu®ynechocystisp. PCC 6803, an obligate photoheterotrophic mutant was
isolated that contained three mutations: V247M, A249T, and M329l. This mutant evolved oxygen in
the absence of added electron acceptors, but oxygen evolution was inhibited by micromolar concentrations
of several artificial quinones. Complementation analysis showed that the V247M and/or A249T mutations
were responsible for this phenotype. Using fluorescence induction and decay measurements, the site of
inhibition by the quinones was found to be at the level of the primary electron-accepting quinone in
photosystem Il, Q. Duroquinone inhibited by blocking reduction ofaQand in the presence of other
qguinones such as 2,5-dichlopbenzoquinone, 2,5-dimethptbenzoquinone, ang-benzoquinone, Q

could be reduced but could not efficiently transfer an electrongo Qo distinguish the effects of the
V247M and A249T mutations, single mutants were created. V247M was photoautotrophic and had an
essentially normal phenotype. The A249T mutant, although photoautotrophic, was affected by artificial
guinones, but less than the mutant carrying both the V247M and A249T changes. The results indicate a
decreased plastoquinone affinity at thg §te in the strains carrying a A249T mutation, such that after
dark-adaptation a significant percentage of thesies is empty or is occupied by an artificial quinone.

In light, the percentage of photosystem Il centers with plastoquinone bound atatB&eQappears to
increase, which may be due in part to an increased affinity of the semiquinone versus that of the quinone
at the Q site.

Photosystem Il (PS II) and the reaction center of purple P680 and the primary quinone-type electron acceptot Q
bacteria have a large number of structural and functional and for electron transfer between, @nd the secondary
similarities, including a structural homology of the reaction acceptor @ (_7), and (_C) the relative difficulty to exchange
center proteins D1 and D2 of PS Il vs the L and M subunits the plastoquinone Qin PS Il (8). However, in a cyano-
of purple bacteria, and a similarity of electron-transfer bacterial mutant lacking a functional non-heme iron, native
reactions at the acceptor side [reviewedlin)]. However, ~ Qa Was implicated to exchange with artificial quinon&. (
the properties of the two types of reaction centers also show The cause of the functional differences between PS Il and
significant differences. These differences are most pro- purple bacteria with respect to,@nd the non-heme iron is
nounced on the electron donor side, and reflect the funda-not obvious, but several differences in the composition of
mentally different source of electrons: In PS II, electrons the reaction center complexes can be noted. In purple
come from water, which is oxidized to yield oxygen bacteria, the loop between transmembrane helices D and E
[reviewed in @, 4], whereas in purple bacteria the oxidized pf the M subunit is seven re5|du§s shorter than is expeqted
reaction center obtains an electron from a soluble or attached" th_e corresponding _D2 subunit O.f PS I, and bacterial
cytochromec [reviewed in 6)]. PS Il and the purple reaction centers contain an H subunit that covers part of the
bacterial reaction center are more similar at the acceptor Sideacceptor side. PS 1lis not known to contain an H subunit

but a number of interesting differences exist. These differ- equivalent, but instead it contains a large number of small
. 9 o subunits with putative membrane-spanning regions. Small,
ences include (a) the position and/or axial ligation of the

: . . membrane-spanning subunits that are closely associated with
accessory pigment in PS Il predicted to be present betweeny,« pg || reaction center include cytochrotmgs, PS I1-H,

the special pair homologue and pheophytin [€)% (b) the  pg 1|, ps |I-L, and PS II-W [reviewed ingj]. PS II-L
apparent need of the non-heme iron in PS Il (but much less

in purple bacteria) for efficient charge separation between

1 Abbreviations: BQp-benzoquinone; DCBQ, 2,5-dichlomben-
zoquinone; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; DMBQ,
2,5-dimethylp-benzoquinone; DQ, tetramethgdbenzoquinone (du-
TThis work was supported by the National Science Foundation roquinone)Fm, maximal fluorescence yieldFo, constant fluorescence

(MCB 97-28400). yield; PS II, photosystem II; Q the first electron-accepting quinone
* Corresponding author. Telephone: (602)965-3698. Fax: (602)- in photosystem II; @ the second electron-accepting quinone in
965-6899. Email: wim@asu.edu photosystem II.
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has been shown to influence PS Il properties, and resultsatrazine, and antibiotics corresponding to resistance markers
initially were interpreted as PS II-L affecting particularly that had been introduced (2/mL chloramphenicol, 25

Qa affinity and function (0, 11). However, more recent  ug/mL spectinomycin, 2xg/mL kanamycin, and xg/mL

data from the same group suggest that PS II-L is not involved erythromycin). PS I-containing strains were propagated at
in the stabilization of Q in its site (L2). Another factor 50 umol of photons m? s7%; PS I-less strains were grown
contributing to different properties ofQn PS Il and purple at 5umol of photons m? s,

bacteria may be the different chemical nature afi@the Targeted Random Mutagenesis of psbDI of Synechocystis
two types of reaction centers: the conformation of the g, pCc 6803.The principles of targeted random mutagen-
isoprenyl chain relative to the quinone head is different ogjs have been described 22, and methodologies were
between PS I, where Qis plastoquinone, and purple similar to those in 17). For mutagenesis, the plasmid
bacterial reaction centers, wheres Qs ubiquinone or pDICK carryingpsbDICof Synechocystisp. PCC 6803 with
menaquinonelQ). a kanamycin-resistance marker downstred®) (vas used

It is interesting to note that in PS Il the thermodynamic together with a plasmid identical to this except that a 386
properties of @ may be affected by changes on the donor bp Ncd/BswB6l fragment corresponding to thé &nd of
side, indicating a long-distance communication within PS psbDIhad been deleted. The latter plasmid will be referred
Il. Upon depletion of C& but not of CI" (both treatments  to as deletion plasmid here. The plasmid with wild-type
affect the properties of the water-splitting system), thé¢ Q psbDICwas cut withXhd, and the deletion plasmid with
Qa~ midpoint redox potentialE,) was found to increase  EcoRV. The unique sites in the plasmids for the two
by 150 mV (14, 15, thus affecting equilibria on the acceptor enzymes are 4.8 kbp apart from each other. The cut plasmids
side of PS II. In further support of long-distance modulation were mixed in a 1:1 molecular ratio, and were denatured by
of Qa properties, in purple bacteria a mutation in E212 of heating to 90°C. The mixture was renatured by cooling
the L subunit, which is about 17 A away fromx(alters the slowly as described inl¢) and then treated with 1 or 3 M
Em of Qa/Qa~ at high pH by about 30 mV1E). sodium bisulfite for 4 or 0.3 h, respectively. Sodium bisulfite

Mutant analysis has contributed significantly to the preferentially deaminates cytosines in single-stranded regions
understanding of the role of specific residues in the PS Il (23), and therefore C~ U mutations will be introduced in
reaction center complex. Introduction of site-directed muta- the coding and noncoding strands of iebDIgene between
tions at targeted residues has been the predominant strategthe Ncd and Bsw36l sites. The sodium bisulfite was
to elucidate the role of particular amino acids. The disad- removed by dialysis, and the resulting mutagenized DNA
vantage of this method is that it is applied only on one or a Was introduced into a uraetDNA glycosylase-deficient
few targeted residues simultaneously, and therefore is notstrain of E. coli. Plasmids were allowed to segregate in
very appropriate for scanning the function of residues in a liquid, and small aliquots were plated to2 h after trans-
larger domain. To remedy this, recently various other formation. Colonies carrying intaqisbDIC (rather than
methods, such as targeted random mutagenesis and combihose carrying a deletion) were selected making use of the
natorial mutagenesis, have been applied to P317] (9. fact that expression of intagsbDIC slows downE. coli
The targeted random mutagenesis approach involves thegrowth: small transformant colonies were selected, and these
introduction of random mutations into a specific part of a were all found to carry plasmids with full-lengipsbDIC
gene, followed by screening for functionally impaired These plasmids were used to transformgileDIC/psbDI™
mutants {7). Here we have used this method to screen for Strain ofSynechocystisp. PCC 6803, and transformants with
functionally important residues in the C-terminal third of the impaired PS Il properties were identified by replica plating
D2 protein. One of the mutants generated with this screenon plates with and without 5 mM glucose.
turned out to be of particular interest in that artificial quinones  Thylakoid Preparation, SDSPAGE, and Western Blot-
that usually oxidize the plastoquinone pool and/or accept ting. The procedures for thylakoid preparation, SEFAGE,
electrons from PS Il were found to be inhibitory to PS Il protein transfer to the poly(vinylidene difluoride) membrane,
electron transport and appear to bind at the sgte. A and immunohybridization with D2 antiserum have been
description of the generation and properties of this and relateddescribed24). Protein quatitation was performed using the
mutants is provided here. BCA (bicinchoninic acid) Protein Assay Kit (Pierce, Rock-

ford, IL) according to the instructions of the manufacturer.

Electron Transport MeasurementsOxygen evolution

Strains and Propagation. Synechocystis PCC 6803  Mmeasurements were carried out with a Gilson oxygraph,
strains used as starting material for this work were the D2- Model KM, at 25°C. Measurements were carried out in
less/CP43-lesssbDIC /psbDII strain (L9) and the PS I-less/  the absence of added electron acceptors unless indicated
D2-less/CP43-lespsaAB/psbDIC /psbDII- strain  @0). otherwise. Sufficient endogenous electron acceptors are
Both strains are obligate (photo)heterotrophs and were Presentin intact cells to support oxygen evolution for several
propagated at 36C in BG11 medium21) in the presence ~ Minutes.
of 5—10 mM glucose. Either a wild-type or a mutant Fluorescence MeasurementBluorescence induction and
psbDICgene together with a kanamycin-resistance cassettedecay of the chlorophyla fluorescence yield after a flash
downstream 19) was introduced into one of these back- were measured using a Walz PAM fluorometer. The light
ground strains. In liquid, cultures were either shaken in an intensity of the measuring light was kept low, particularly
Erlenmeyer flask at 120 rpm or bubbled with air. On plates, in the presence of DCMU [3-(3,4-dichlorophenyl)-1,1-
the BG11l/glucose medium was supplemented with 0.3% dimethylurea], to avoid a possible actinic effect of the
sodium thiosulfate, 10 mM Tes/NaOH (pH 8.0), 251 measuring light. Decay of the variable fluorescence was

MATERIALS AND METHODS
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measured after a microsecond flash generated by a Xe fIaShI'able 1: Rates of Photoautotrophic Growth and Electron Transport,

Number of DCMU Binding Sites on a per-Chlorophyll Basis, and
DCMU Affinity in the Control Strain and the D2R8, V247M, and

DCMU to intact cells was used to quantify the amount of A249T Mutants

lamp.

Herbicide Binding Analysis.Specific binding of'C-

PS Il on a chlorophyll basis following a protocol similar to

O, evolution

that in ©5). For this purpose, 1 mL aliquots of cells (at a a&‘})‘:};’iﬁgic g‘r(nr%ogf CHIDEMU ?;‘t'i/g’(so/” Déﬁ/’lu
. . /) (1]
concentration corresponding to 250 ug/mL chIorophyII) strain  time (h) Chi)*h-Y] ratio  of control) (nM)
suspended in 25 mM Hepes/NaOH (pH 7.5) were incubated control T 35 S50 30 00 1701
for 10 min in low light Wlth.several different nanomolar  Hopg ~ 100 37004 600 15 66x 11
concentrations of*C-DCMU in the presence and absence v247Mm 18 260 660F 70 83 1243
of 20uM atrazine, a competitive inhibitor of DCMU binding.  A249T 40 150 198@: 190 28 2243

The amount of specific DCMU binding at a particular

concentration of free DCMU was determined by centrifuga- Tapje 2: Quinone Concentrations That Cause 50% Inhibition of
tion of the cells, counting the amount of radioactivity in 0.8 Oxygen Evolution Igo), and Levels of Inhibition of Oxygen

mL of the supernatant, and calculating the amount of bound Evolution Achieved upon Addition of 30M Quinone in the
DCMU, followed by subtraction of the amount of DCMU ~ D2R8 and A249T Mutants and in the Control Strain

bound in the presence of atrazine (unspecific binding) from quinone I50 (M) inhibition (%) at 300uM
the amount of DCMU bound in the absence of atrazine. The added D2R8 A249T control D2R8 A249T control
free DCMU concentration was plotted against the amount "pg 2 18 na 100 93 46
of bound DCMU in a double-reciprocal plot, providing DCBQ 37 350 * 91 49 0
information regarding the number of DCMU binding sites DMBQ 135 8 * 80 0 0
and the DCMU affinity. BQ 200 nd * 80 nd 0

ax: no inhibition in the concentration range tested (up to 300.

RESULTS bnd: not determinect na: 50% inhibition could not be achieved.

Mutant Generation.Several obligate photoheterotrophic
Synechocystisp. PCC 6803 mutants were isolated after
targeted random mutagenesigpebDIusing sodium bisulfite

quinone; DQ), orp-benzoquinone (BQ) at concentrations
below 0.3 mM inhibited the rate of oxygen evolution in the

in vitro. One of these mutants had mutations leading to three D2R8 mutant (Table 2 and.F|gur.e 1.)' . Particularly DQ. was
found to have a very prominent inhibitory effect at micro-

changes in the D2 protein: V247M/A249T/M329l. This . . X
mutant has been named D2R8 (designating that it is random_mo_la_r_concentratlons. Th|_s quinone was Ca_Pab'e of total
mutant 8 in the D2 protein). Residues 247 and 249 are |nh|b|t|on of oxygen evollutl'on,. vyhereas addition of other
expected to be located in a loop region on the cytoplasmic quinones led only to partial inhibition of electron transfer at

: : .. the concentrations assayed (Table 2).
side of the thylakoid membrane between the fourth and fifth
membrane-spanning helix. Residue 329 is expected to be To determine which of the mutations at these two residues
at the lumenal side, beyond the fifth and last transmembranecontributed most to the obligate photoheterotrophic pheno-
span. type and to the observed sensitivity of PS Il electron transfer

To distinguish whether mutations in residues 247 and/or t0_artificial quinones, two single mutants, V247M and
249 or in residue 329 gave rise to the obligate photohet- A249T, were generated by means of site-directed mutagen-
erotrophic phenotype, the D2R8 mutant was transformed with €SS and introduced into thpsbDIC /psbDII™ strain of
330 or 236 bp wild-typ@sbDIfragments that covered either Synechocystisp. PCC 6803. As indicated in Table 1, the
codons 247 and 249 or codon 329, respectively. Only Photoautotrophic growth rate of V247M is 70% of that of
transformation with the 330 bidca/Tag Synechocystisp. the control whereas the single mutant A249T is capable only
PCC 6803psiDI wild-type gene fragment covering D2  ©Of very slow photoautotrophic growth at a rate that is 30%
codons 247 and 249 gave photoautotrophic colonies thatOf that of the control. As expected, under photomixotrophic
propagated with normal growth rates, indicating that the conditions (in the presence of 5 mM glucose), the mutants
reason for the mutant's obligate photoheterotrophic pheno-can be propagated with essentially the same doubling time
type is located at residue 247 and/or 249. Therefore' theas the control strain (data not ShOWn). These data indicate
focus of this paper will be on these two residues. that the A249T mutation has a more promi_nent effect than

Photosystem Il Electron TransporAlthough the obligate the V247M Oone, but that the <_jouble mutation has a _Ia_rger
photoheterotrophic phenotype of the D2R8 mutant would effect than either of the two single mutatllons: the original
suggest that overall PS Il electron transport for extended Mutant could not grow photoautotrophically even when
periods of time was insufficient for photoautotrophic growth, Provided with the wild-type DNA covering codon 329,
in the absence of artificial electron acceptors this mutant wasNdicating that the phenotype of the V247M/A249T double
able to evolve oxygen at rates that were about 30% of thoseMutant was obligate photoheterotrophic.
in the control strain (Table 1). The control strain was  An inhibitory effect of exogenous quinones was also
generated by transformation of thebDIC /psbDII~ strain observed in A249T, although in this mutant the effect was
with the pDICK plasmid 19), carrying wild-typepsbDIC less pronounced than in D2R8 (Table 2 and Figure 1). The
and a kanamycin-resistance marker downstream. Howeverproperties of V247M were found to be similar to those of
interestingly, the addition of an artificial quinone such as the control strain, in which no inhibition of PS Il function
2,5-dichlorop-benzoquinone (DCBQ), 2,5-dimethgtben- by DCBQ and DMBQ at concentrations of up to 0.4 mM
zoquinone (DMBQ), tetramethyd-benzoquinone (duro- was detected (data not shown). This indicates that indeed
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A

information both on the number of chlorophylls per DCMU
binding site and on the DCMU dissociation constant. The
results are summarized in Table 1. The amount of PS II
centers in the D2R8 mutant and in A249T was found to be
12—-18% and 25-30%, respectively, of that of the control
strain. V247M had about 80% of the wild-type amount of
PS Il complexes in its thylakoid membranes on a per-
chlorophyll basis. These percentages are similar to the
relative rates of oxygen evolution in the various mutants
(Table 1), indicating that the remaining PS Il centers in the
mutants appear to function normally in continuous light.

120

100

[
(=]

Oxygen evolution, %
[e))
o

40
- Interestingly, the dissociation constant for DCMU in the
20 D2R8 mutant was increased 4-fold as compared to in the
control strain, whereas the DCMU affinity of the A249T and
S S S S D V247M mutants was essentially normal (Table 1). As
0 50 100 150 200 250 300 350 400 expected, the decreased affinity of PS Il centers for DCMU

in D2R8 led to a decreased level of DCMU sensitivity in
[DCBQ], uM this strain: the concentration of this herbicide required for
B 120 50% inhibition of oxygen evolution in intact cells at
saturating light intensity was 175 nM in the D2R8 mutant
whereas it was 40 nM in wild-type cells (data not shown).
This extends earlier observatior6) that mutations in the
D2 protein can modulate the properties of thg rgche.

Mutants in a PS I-less Background Straifror further
characterization by means of fluorescence, we intended to
introduce the D2R8, A249T, and V247M mutations into a
PS I-less strain, as in such strains the variable fluorescence
is much larger Z7). However, introduction of these muta-
tions into a PS I-less strain that lackpsbDICandpsbDI|
(20) led to the surprising observation that both the D2R8
and the A249T mutant in a PS I-less background did not
accumulate a measurable amount of PS II: (1) immunode-
tection of the D2 protein in the D2R8 mutant and in the
control strain (both in PS I-less backgrounds) indicated that
the amount of D2 was decreased about 25-fold in the D2R8

[DQ], uM mutant as compared to in the control (Figure 2); (2) the
Ficure 1: Inhibition of oxygen evolution by DCBQ (A) and DQ chlorophyll/ODy3g ratio of the D2R8 and A249T strains in a

(B) in the D2R8 ®) and A249T @) mutants and in the control ~ PS I-less background was close to that of febDIC/
strain (). Oxygen evolution was measured at saturating light psbDII"/PS I-less mutant and about 3-fold lower than that

intensity in the presence of 0.5 mMs;Re(CN) to keep quinones  present in a PS I-less strain with normal PS 1I; (3) no oxygen

100

Oxygen evolution, %
H o)) o0
(=) o (=)

[\
o

0 PR (U NN N ST T— E—T—

0 25 50 75 100 125 150 175 200

oxidized. evolution was detected in the D2R8/PS I-less and A249T/
mostly the A249T mutation is responsible for the observed PS I-less strains in the presence of small concentrations of
quinone effects. artificial quinones; and (4) the 77 K fluorescence emission

For other quinones that were tested some inhibition of spectrum of these strains showed a peak at 684 nm but no
electron transport was observed in the control strain at high 695 nm emission shoulder or peak was observed (data not
guinone concentrations, but in all cases lifgeralue, which shown). Particularly the observation that the A249T mutant
is the quinone concentration that needs to be added for 50%did not accumulate PS Il in a PS I-less background is
inhibition of electron transport, was found to be several times surprising, because in a PS I|-containing background the
higher for the control strain than for the D2R8 and A249T A249T mutant was photoautotrophic, even though it grew
mutants (Table 2). Interestingly, as is shown in Figure 1, slowly under these conditions. The reason for the lack of
full inhibition of oxygen evolution is not achieved by all apparent PS Il synthesis and/or stability in the A249T
artificial quinones, even not in D2R8; this suggests that some mutants in a PS I-less background is not obvious, but may
electron transport can still occur in this mutant in the presence be related to a difference in the redox state of the cells in
of saturating concentrations of several artificial quinones. PS I-containing and PS I-less strains. The V247M mutant

PS Il Quantitation and DCMU Affinity.To quantify the in a PS I-less background assembled a fairly normal amount
number of PS Il centers on a chlorophyll basis and to of PS Il as determined by oxygen evolution rates and the
determine whether major changes had occurred in tile Q amount of chlorophyll on a per-cell basis (data not shown).
herbicide binding niche (to which also some quinones are As the A249T and D2R8 mutants were not found to contain
known to bind) in the mutants and in the control strain, a measurable amount of PS Il when in a PS I-less
binding assays were performed with different concentrations background, subsequent experiments on these mutants were
of radiolabeled DCMU 25). This measurement provides carried out in a PS I-containing background strain.
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D2R8 Control strain
kDa 1727 1/9 1/3 1 1/27 1/9 1/3 1 amount of protein
104 — ,
81 — |
477 —
34.6 — '

T e - - --

283 —
19.2 —

Ficure 2: D2 quantitation by Western blotting of thylakoid proteins from the D2R8 mutant in a PS I-less background (left four lanes) and
from the PS I-less control strain (right four lanes), immunodecorated with D2 antibodies. The amount of thylakoid proteins for the two
strains was identical in corresponding lanes and correspondeditg @cording to the bicinchoninic acid protein assay) in lanes labeled

“1”. The amounts of protein in the other lanes were serial dilutions as indicated. The position of the molecular mass standards (kDa) has
been indicated as well.

Fluorescence InductionFluorescence induction kinetics Interestingly, a rapid induction of variable fluorescence
in the D2R8 and A249T mutants were unusual (Figure 3). in the D2R8 mutant was restored by addition of 18@
As expected, in the control strain without additions, a rise DCBQ in the presence of DCMU (Figure 3C,D). DMBQ
in the chlorophyll fluorescence yield was observed until a and BQ had a similar effect (Figure 4). However, rapid
maximum was reached after about 600 ms after the start offluorescence induction could not be restored in the D2R8
illumination (Figure 3A). In contrast, a much smaller and mutant with DQ and DCMU (Figure 4). This effect of DQ
slower rise was observed in the A249T mutant (Figure 3B), is not due simply to efficient fluorescence quenching by this
and no rapid induction of variable fluorescence was observedquinone. The same concentration of DQ quenches only 15%
in the D2R8 mutant under the same conditions (Figure 3C); of the variable fluorescence in the control strain.
instead, a very slow increase in the fluorescence yield was |n the A249T mutant, addition of 166M DCBQ in the
seen upon illumination in D2R8 (Figure 3D), and upon presence of DCMU led to a rapid and full fluorescence
turning off the light after several seconds of illumination, induction, and the slow phase of induction was no longer
only a small fraction of the fluorescence intensity decreased observed (Figure 3B). Under these conditions, the maximum
rapidly (Figure 3D). yield of variable fluorescence in the mutantg§(— Fo)/Fo

In the presence of DCMU, only a single electron can be = 0.09 and 0.15 in the D2R8 and A249T mutants, respec-
transported up to Q and in the control strain fluorescence tively] in comparison with that of the wild typef — Fo)/
induction is rapid and complete. The fluorescence level Fo= 0.54] was close to the amount expected from the PS II
attained is much higher than seen in the absence of DCMU, content of the mutant as determined by tH€-DCMU
indicating that in the absence of the inhibitox @ only partly ~ binding assay (see Table 1).
reduced in the control strain in the light (Figure 3A). The results obtained thus far are interpreted most simply
However, fluorescence induction of the D2R8 mutant in the by the hypothesis that in the D2R8 mutant after incubation
presence of DCMU was very slow but was faster than seenin darkness most or all PQ is absent from the ste and
in its absence (Figure 3C,D). The A249T mutant showed thus cannot be reduced by PS Il electrons, and that many
an intermediate fluorescence induction curve in the presenceartificial quinones except DQ can functionally replace PQ
of DCMU, with part (about half) of the induction being very at the Q site but cannot efficiently transfer electrons tg, Q
fast whereas the remaining part was much slower. However,thus causing an overall inhibition of electron transport. DQ
this slow phase was faster than was seen in D2R8 (Figurewould be able to bind to the {Xsite but not be reduced. As
3B). in continuous light oxygen evolution occurs in the D2R8
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Ficure 3: Fluorescence induction in intact cells of the control strain (A) and in the A249T (B) and D2R8 (C, D) mutants in the absence
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additions is split into two afte3 s illumination (indicated by an arrow): the upper trace represents continued illumination, and the lower

trace reflects the fluorescence yield when the actinic light is turned off. Panels C and D have been recorded on different time scales.

Constant fluorescencé&() has been subtracted, and variable fluorescence yields have been normafigeth® chlorophyll concentration

in all samples was 1pg/mL.
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Ficure 4: Fluorescence induction of D2R8 in the presence of 100
uM DCMU. Artificial quinones (16QuM) were added as indicated.
Constant fluorescenceF{) has been subtracted, and variable
fluorescence yields have been normalized=§o The chlorophyll
concentration in all samples was 4@/mL.

appears to retain functional binding of PQ at the site in
about half of the centers in darkness (Figure 3B). In the
following sections, experiments were performed to determine
the validity of our reasoning that PQ at thg gte is mobile
in the D2R8 strain and can be replaced by artificial quinones.

Herbicide Binding in the Presence of Added Quinones.
One consequence of the hypothesis that exogenous quinones
inhibit the D2R8 mutant by binding to the x(site rather
than to the @ site [where artificial quinones are known to
bind with low affinity in wild-type systems28, 29] is that
DCMU binding, which occurs at theg¥ite, should not be
greatly affected by inhibiting quinones. To test this, the
effect of addition of 16Q:M DQ, which has arsg of 2 uM
in inhibiting PS Il electron transfer in the D2R8 mutant (see
Table 2) and is known to not bind tightly to thes@ite in
wild-type systems28, 29, was probed on binding dfC-
DCMU to cells of this mutant. DCMU binds at thegQ
herbicide binding niche, and herbicides and artificial quino-

mutant in the absence of added quinone, in the light PQ nes show more or less competitive binding characteristics

seems to remain in the 3ite once functionally bound. The
A249T mutant has most of the features of D2R8, but A249T

to the @ site. Whereas atrazine addition caused full DCMU

displacement, addition of 16tM DQ, which fully inhibited



Mobile Q4 in a D2 Mutant ofSynechocysti6803 Biochemistry, Vol. 37, No. 33, 19981575

A 3T 1vv|l|l| T T T T T T T
o i
0.98
I > ]
B g 09 -
= =] A
5 2 +DCBQ 1
E 8 0.94 B
Q 1F S b
a Q e
A 0.92 no additions 7
8
./0\/. E
= 0.9
0 L~ .
0 1 2 3
DCMU bound, nM 0.88 o
O‘i_‘\ PR T U T S ST S S N S SO R S | T s
B 30f 0 0.006 0.012 0.018
Time, s
Ficure 6: Decay of flash-induced variable fluorescence in the
% 0k D2R8 mutant in the presence (top) and absence (bottom) of 160
3 uM DCBQ. A subsaturating Xe flash was given at time 0. The
= fluorescence yield was measured in time using weak, nonactinic
5 flashes. Traces represent the average of 8 experiments.
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FiGURE 5: Replacement of boun#C-labeled DCMU from intact
cells by addition of 10«M atrazine ©) and 160uM DQ (®) in
the D2R8 mutant (A) and in the control strain (B). The chlorophyll
concentration in the samples was S@/mL.

0.6
0.4

oxygen evolution, did not significantly alter DCMU binding 0.2
in the V247M/A249T mutant (Figure 5A). The small DQ-

induced displacement that is seen is similar to that in the

control

Fluorescence ((F-Fo)/(Fm-Fo))

control strain (Figure 5B, note the difference in scales). This 02 !
implies that the site of DQ inhibition of oxygen evolution 0 ' ) 3 4 5 6 7
in the D2R8 mutant is not at theg(riche. Time, s

Kinetics of Q- Oxidation by @. In the absence of
artificial quinones, the amplitude of variable fluorescence
upon single-turnover flashes in the D2R8 mutant was found
to be less than 10% of that in the presence of artificial
quinones and 100M DCMU. This is as would be expected
from the results shown in Figure 3C,D. In view of the small
amplitude of the signal, a reliable estimation of the™Q
decay kinetics after the flash in the absence of inhibitors
could not be obtained, but appeared to be about 890
(Figure 6). Upon addition of 166M DCBQ, only a minor
fast phase remained, and a large part af @Qenerated by
the flash remained stable for more than 20 ms. In addition,
a 50% increase in signal amplitude was seen upon addition
of DCBQ.

Qa~ Oxidation by Charge Recombinationn addition to
Qa~ oxidation by @, Qa~ oxidation in the presence of
DCMU, which reflects charge recombination with the PS I Time, s
do"?or side, was determined. In Figure 7A, the. amount of Ficure 7: (A) Decay of flash-induced variable fluorescence in
variable fluorescence after a flash was monitored as ajntact cells of the control strain and of the D2R8 mutant in the
function of time. In the presence of DCMU, thaQdecay  presence of 10aM DCMU. The maximal variable fluorescence
kinetics in D2R8 were slower than in the wild type. yield was normalized to 1 for both strains to facilitate comparison.
According to the results presented in Figure 7B, the decay gﬁ’é DD%(I?%/ %fuflg?l?-iirrl]?ﬁgedr(\alsgr?géecﬂuOrSISCDeCnI(\:/IeUinai:éaicr;[ fﬁgs of
Kinetics beca’.“e significantly faster in the presence of presence or absence of ZEM DCBQ. Tr}gchlorophyll concentra-
exogenous quinones. In some cases the fluorescence decayon, in the samples was 1@g/mL.
kinetics were clearly biphasic, and a deconvolution of the
rates of Q~ oxidation observed in the presence of DCMU mutant, addition of artificial quinone sped up the charge
and DCBQ or DMBQ is provided in Table 3. Inthe D2R8 recombination. As expected, quinone addition did not have

>

Fluorescence ((F-Fo)/(Fm-Fo))
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Table 3: Kinetics of Q~ Oxidation in the Presence of #M
DCMU and 240uM Quinone (as Indicated) in the D2R8 Mutant
and the Control Strain

strain quinone added A, (tu2)1 (S) As (t2)2 (S)

D2R8 none — — 100 1.59
DCBQ 49 0.20 51 1.54
DMBQ 60 0.46 40 2.63

control none 47 0.18 53 0.97
DCBQ 52 0.20 48 0.95
DMBQ 52 0.19 48 1.09

Ermakova-Gerdes and Vermaas

suggest that the analogue of Ala258 of the M subunit is either
Phe261 or Ala260 of D2. Ala249 of D2 therefore is unlikely
to hydrogen-bond an oxygen ofaQ Instead, based on a
simple alignment rooted at Trp250 (M subunit)/Trp253 (D2),
Ala249 of D2 is expected to be homologous to Ala246 of
the M subunit, which is aba4 A from Qa in purple bacteria
(34).

Ala249 of D2 may have its counterpart in Ala251 of the
D1 protein. This Ala residue in D1 is known to be part of
the herbicide binding niche because a mutation to Val affects

a Chlorophyll fluorescence decay traces were deconvoluted assumingthe sensitivity to herbicides38, 39. Mutation of Ala251
the presence of two exponential components; if a one-component of the D1 protein to a variety of other residuesGhlamy-

deconvolution provided an equally good fit, the second component was

omitted. A; and A, represent the amplitudes of the two phases
(normalized to give a sum of 100};£); and €1,2). are the corresponding
decay half-times.

a significant effect on @ oxidation kinetics in the presence
of DCMU in the control strain (Table 3).

Oxygen Eolution as a Function of Light IntensityTo
determine the quantum yield of PS Il in the D2R8 mutant
as compared to the control strain, oxygen evolution was
measured at different light intensities. Excitation at wave-
lengths greater than 665 nm (mainly absorbed by chlorophyll)

was used in order to overcome possible differences in the

amount of light transferred to PS Il reaction centers by
phycobilisomes in D2R8 and the control strain, since the
phycobilisome/PS I ratio is significantly higher in the

mutant: upon a mutation-induced decrease of the amount

of PS Il per cell, the number of phycobilisomes remains fairly
constant [for example, se8@]. The D2R8 strain needed
a 2-fold higher light intensity in order to obtain half the

saturation rate as compared to the control strain (800 vs 380

umol of photons m? s71) (data not shown). This suggests

that the quantum vyield of charge separation in continuous

light was decreased by a factor of 2 in the mutant if no
artificial quinones had been added.

DISCUSSION

domonas reinhardtileads to a loss of photoautotrophic
capacity and to a decrease in D1 stabili#)(

Mutation of Val247 of the D2 protein has an additional
impact on Q function. In the D1 protein, a Val residue is
also present two residues toward the N-terminus from
Ala251, the residue that is likely to be homologous to Ala249
in D2. No Val249 mutations in D1 have been reported yet,
but this residue is the primary target of an azido-labeled
herbicide analogue, azidoioxyn#1), and therefore is likely
to be part of the @herbicide binding niche. The Val247
residue of D2 is assumed to be near the N-terminal end of
the putativede helix (42), and a mutation in this residue
may affect the length or orientation of this helix.

Properties of the D2R8 MutantA very interesting feature
of the D2R8 mutant is that PS Il electron transport is
inhibited by artificial quinones that usually are used as
electron acceptors. Subsequent analysis showed that the
A249T mutation is the main contributor to the phenotype of
obligate photoheterotrophic growth and sensitivity to artificial
qguinones, but neither the A249T nor the V247M mutation
causes as striking a phenotype as is found in the D2R8
mutant.

The interpretation we have developed on the basis of the
results presented in this paper is that in the D2R8 mutant
PQ at the Q site is mobile and can be replaced by other
quinones. A similar interpretation was used to explain
experimental results obtained with a mutant in which His268

Functional complementation assays indicated that in the of the D2 protein, presumably a ligand to the non-heme iron,

triple mutant V247M/A249T/M3291 the V247M/A249T
mutation combination was responsible for the obligate

had been mutated to GI7)( Unlike the situation with the
reaction centers oRhodobacter spaeroidesvhere native

photoheterotrophic phenotype observed. The fact that M3291 ubiquinone molecules can be reversibly removed from the
does not appreciably contribute to the phenotype is not Q, site and functionally replaced with a variety of artificial

surprising in that single-residue replacements in the C-
terminal lumenal domain of the D2 protein have not yielded
a phenotypic effect [reviewed irB1)].

The Ala249 and Val247 ResiduedAccording to the

quinones 43—47), extraction of plastoquinone from PS I
and its replacement with other quinones has proven to be
much more difficult 8, 48. We propose here that the
V247M/A249T double mutation in the Qbinding pocket

structure of the reaction center from purple bacteria, the two of the D2 protein makes the process of €xchange with

oxygens of the @ring are hydrogen-bonded to the side chain
of a His or a Thr and to the peptide nitrogen of an Ala group
in the M subunit 82—34). A similar arrangement is assumed
for Qa in D2, even though direct experimental data on the
position of @Q in D2 are limited and are not necessarily in

exogenous quinones possible under physiological conditions
in situ. The concept of a mobile Qin the D2R8 mutant
and, to a lesser extent, in the A249T strain explains the
fluorescence data and is compatible with the observations
that (1) the site of quinone action in the D2R8 mutant is not

agreement with each other regarding whether His hydrogenat the level of @ and (2) addition of artificial quinones

bonds with a Q oxygen or not 85, 3. The Ala in purple
bacteria that has a peptide nitrogen hydrogen-bondo Q
residue 258 of the M subunit, does not appear to be
homologous to Ala249 of D2: if Trp250 of the M subunit,
which is located between Pheo and,@ homologous to
Trp253 of D2, which has been shown to be important for
PS Il stability 37), then a simple alignment extension would

influenced the charge recombination rate of Qand the

donor side. According to this interpretation, the Qbcket

in the D2R8 mutant therefore either can be empty, contain
a PQ, or contain an artificial quinone that had been added.
As in the presence of all artificial quinones tested except
DQ the rate of fluorescence induction in the presence of
DCMU was increased, artificial quinones (except DQ) at the
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Qa site in the mutant are able to accept an electron. of illumination in very few centers a functionalk@s present,
However, if an artificial quinone functions asaQthe and that the number of centers with a functionali@creases
apparent @ Qg = Qa-Qs~ equilibrium has shifted to the  with illumination time. Interestingly, in the A249T mutant
left in comparison with centers with PQ at the Qite: as after dark-adaptation in the absence of artificial quinones,
shown in Figure 6, full @ oxidation is not obtained in the  about half of the centers possess a reduciblew@ereas
D2R8 mutant within 25 ms after a flash if an artificial after a brief illumination essentially all centers contain
quinone is present. functional Q. This suggests that in darkness the affinity
The shifted semiquinone equilibrium suggests an increasedof the Q site for PQ is significantly lower than in the light.
(more positiveEr, of the Q/Qa~ couple in the D2R8 mutant ~ Several explanations may be given for this phenomenon:
if DCBQ is at the Q site as compared to when PQ is at the One is that the semiquinone form has a higher affinity for
site. The charge recombination rate betwean @nd the the Q. site than the quinone form. Precedence for this is
donor side, however, is increased if DCBQ is added, which provided by the @ site, where @ is tightly bound whereas
is indicative of a decreased stability ohQwhen DCBQ is the quinone and quinol forms are not. However, evenmif Q
at the site as compared to the situation when native PQ isis in Qa~ form half of the time, a much smaller difference
present in the @niche of the D2R8 mutant. This suggests in Qa occupancy by PQ would be expected between darkness
that the charge recombination rate is not determined solelyand light than the “all-or-none” phenomenon that is observed
by thermodynamics, but that other factors such as the positionin the D2R8 mutant. Another explanation may be that the
and/or orientation of @ may contribute to the charge PQ affinity for the Q site in the light is intrinsically higher
recombination rate as well. A similar conclusion has been than in darkness, for example, because of conformational

reached using the H268Q mutant that lacks a functional non-

heme iron 7).
In the presence of DQ, no electron transport to the Q

differences at the Qsite in the mutant. It is likely that the
latter explanation contributes significantly to the differences
that are observed experimentally.

site could be observed, and the quinone appears to be bound The reasoning of full occupancy of the,@ite by PQ in

to the site as electron transfer is strongly inhibited at low

the light in the absence of artificial quinones in the mutants

DQ concentrations. As could be expected using the conceptstudied here is in line with the results of oxygen evolution

of a competitive binding of multiple quinones to the Qite,

DQ inhibition of Qs reduction is relieved by addition of
excess DCBQ (data not shown). The question is why DQ
cannot be reduced at the,Qsite. A thermodynamic

experiments: the D2R8 mutant as well as the A249T strain
exhibit oxygen evolution yields that are proportional to the
number of PS Il centers measured by DCMU binding.
Therefore, essentially all PS Il centers are active under the

limitation as a consequence of a decreased (more negativepteady-state illumination conditions of oxygen evolution

quinone/semiquinone midpoint redox potential for DQ at the
Qa site is unlikely as th&y, for pheophytin reduction is-610
mV (49) and therefore th&y, of the Q./Qa~ couple can drop
by several hundreds of millivolts before electron transfer to
Qa becomes thermodynamically unfavorable. According to
determinations of th&,, of the DQ/DQ couple in the Q
site of isolated reaction centers frdrihodobacter sphaeroi-
des this value is expected to be very close to that af Q
Qa~ in native reaction centersA%, 49. Therefore, the
presence of DQ in the Qsite of PS Il should not pose
thermodynamic limitations on electron transfer from pheo-
phytin to Q.. A more likely explanation is a kinetic
limitation of Qa reduction if DQ is at the site. Reduced
pheophytin has an increased probability to react with P680
instead of with Q if Q4 reduction kinetics have been slowed.
An illustration of this phenomenon is the bacterial reaction
center lacking the non-heme iroBQ); in this system, the

measurements.

Alternate explanations to interpret the data are possible,
but much less likely. One such explanation is that in the
D2R8 mutant quinones would bind at a site different from
that of Q, and compete functionally for electrons from
reduced pheophytin. However, this is unlikely as electron
transfer between pheophytin anda Qs rapid (on the
subnanosecond time scale in the wild type and presumably
slightly slower in the mutant), and electron transfer to
quinones bound at “unspecific” sites is not expected to be
so fast to compete with this process.

Even though fluorescence induction measurements are
valuable to monitor events that occur within several seconds,
interpretation of changes that occur on a longer time scale
is more difficult. The very slow and relatively small rise in
the fluorescence yield in the D2R8 mutant in the absence of
additions is due only partially to reduction ofa(@Figure

quantum yield of charge separation has been decreased by 8D). When turning off the light under these conditions, only

factor of 2. In PS I, functional removal of the non-heme
iron has a much larger effect on the quantum yield af Q
reduction, reducing the quantum yield to only a few percent
(7). The quantum yield of @reduction in D2R8 with DQ
at the Q site is likely to be even lower as complete inhibition
of oxygen evolution by DQ at saturating light intensity is
achieved at about 20M (Figure 1). As suggested by the
decreased quantum yield of oxygen evolution in D2R8 in
the absence of artificial quinones, the rate of @duction
in this mutant with PQ at the site is also likely to be smaller
than in the wild type.

An interesting feature of the D2R8 mutant is the slow
fluorescence induction in the presence of DCMU and the

a small part of the fluorescence vyield (the part that is
correlated directly with @) drops rapidly, whereas the
remainder of the fluorescence yield decays much more
slowly. This is consistent with efficient electron transfer
between Q and @ that is observed in the D2R8 mutant
(Figure 6). Also in the PS ll-legssbDIC /psbDII~ mutant
a small, slow rise in the variable fluorescence yield was
observed on the time scale of 10 s (data not shown), which
could be due to, for example, state transitions or pH changes
in the surrounding medium.

Unfortunately, upon introduction of the D2R8 and A249T
mutations into a PS I-less strain, PS Il stability and/or
synthesis/assembly seemed to have been impaired to a point

absence of artificial quinones. This suggests that at the startwhere no PS Il centers could be detected. This is the first
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time that introduction of a mutation leading to a photoau-
totrophic phenotype in a PS I-containing strain leads to a
loss of PS Il centers in a PS I-less strain. In other instances,
where mutations are mostly on the PS Il donor side, the
amount of PS Il per cell in PS I-less strains is similar to or
more than the amount in PS I-containing strains [for
example,seel(7, 51]. The reasons for this striking differ-
ence are not yet clear.

The results presented in this paper indicate that relatively
small changes in the primary structure of thg Rinding
environment have very significant effects on the properties
of Qa. The apparently efficient exchange of quinones at the
Qa site of the D2R8 mutant suggests that thg €)e is
relatively accessible. Therefore, the V247M and particularly
the A249T mutations appear to have provided ®With
selected properties ofgJi.e., exchange of the quinone in
the site). However, thus far we have not obtained evidence
that would be indicative of double-reduction ofy @ any
of the mutants, thus leaving one prominent characteristic of
the wild-type Q site fully intact in the mutants.
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