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ABSTRACT. The present study provides a thorough analysis of effects on the redox properties of cytochrome
(Cyt) b559 induced by two photosystem Il (PS Il) herbicides [3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU) and 2,4-dinitro-6secbutylphenol (dinoseb)], an acceleration of the deactivation reactions of
system Y (ADRY) agent carbonylcyanide-chlorophenylhydrazone (CCCP), and the lipophilic PS I
electron-donor tetraphenylboron (TPB) in PS I membrane fragments from higher plants. The obtained
results revealed that (1) all four compounds selectively affected the midpoint pot&pfjadf(the high
potential (HP) form of Cyt b559 without any measurable changes oEthealues of the intermediate
potential (IP) and low potential (LP) forms; (2) the control values fré800 to+400 mV for HP Cyt

b559 gradually decreased with increasing concentrations of DCMU, dinoseb, CCCP, and TPB; (3) in the
presence of high TPB concentrations, a saturation olEhelecrease was obtained at a level of about
+240 mV, whereas no saturation was observed for the other compounds at the highest concentrations
used in this study; (4) the effect of the phenolic herbicide dinoseb ditlieindependent of the occupancy

of the @-binding site by DCMU; (5) at high concentrations of TPB or dinoseb, an additional slow and
irreversible transformation of HP Cyt b559 into IP Cyt b559 or a mixture of the IP and LP Cyt b559 is
observed; and (6) the compounds stimulate autoxidation of HP Cyt b559 under aerobic conditions. These
findings lead to the conclusion that a binding site €Xists for the studied substances that is close to Cyt
b559 and different from the £xsite. On the basis of the results of the present study and former experiments
on the effect of PQ extraction and reconstitution on HP Cyt b559 [Cox, R. P., and Bendall, D. S. (1974)
The functions of plastoquinone apdcarotene in photosystem Il of chloroplagBsochim. Biophys. Acta

347, 49-59], it is postulated that the binding of a plastoquinone (PQ) moleculectds @rucial for
establishing the HP form of Cyt b559. On the other hand, the binding of plastoquinolJRQR is
assumed to cause a marked decreagg,pthus, giving rise to a PQibxidase function of Cyt b559. The
possible physiological role of thedite as a regulator of the reactivity of Cyt b559 is discussed.

The multimeric complex of photosystem Il (PS1tf all reduction to quinol with Q as a reductant and (i)
oxygen-evolving photosynthetic organisms acts as a light- oxidative water cleavage into molecular oxygen and four
driven water-plastoquinone (PQ) oxidoreductase, where the protons, with P680 providing the driving forces. The
cofactors involved in this function are bound to a het- plastoquinol (PQH) formation process takes place at the Q
erodimeric protein matrix consisting of polypeptides D1 and site, where the noncovalently bound PQ-moleculg i
D2 (see refd—3 as general reviews). Light-induced charge reduced by Q via a sequence of two one-electron steps,
separation leads to the formation of the “stable” radical pair, concomitant with H uptake B). This process closely
P680~Q, (4), followed by two reaction sequences: (i) PQ resembles that of quinol formation in the reaction center of

anoxygenic photosynthetic bacteré.(The Q-binding niche

* To whom correspondence should be addressed. Telephog: is also the binding site for PS Il herbicides that replace the

30-314-22-794. Fax:-49-30-314-21-122. E-mail: rengsbbc@mailboxu-  Native quinone @ thus, leading to a blockage of ,Q
berlin.de. reoxidation by @ (Qg’) (see refs6—12 for reviews). In

! . . . ) .
, Russian Academy of Sciences. marked contrast to charge separation and quinol formation,
Technical University Berlin.

L Abbreviations: PS Il, photosystem II; Cyt, cytochrome; woc, Which are similar in anoxygenic purple bacteria and oxygenic
water-oxidizing complex; Chl, chlorophyll; Car, carotenoilp, photosynthesis/; 8), the oxidative water cleavage is unique
midpoint potential; HP, high potential; IP, intermediate potential, LP, for oxygen-evolving organisms. This process takes place at

low potential; IM, intermediate; TPB, tetraphenylboron; ADRY, ) . L i
acceleration of the deactivation reactions of system Y; CCCP, carbo- a manganese-containing catalytic site of the water-oxidizing

nylcyanidem-chlorophenylhydrazone; FCCP, carbonylcyaryd- complex (WOC) and comprises a sequence of four redox
luoromethoxyphenylhydrazone; ANT2p, 2-(3-chloro-4-trifluoromethyl)-  steps (reviewed in refg, 13, and14).
aniline-3,5-dinitrothiophene; DCMU, 3-(3,4-dichlorophenyl)-1,1- Apart from the presence of the WOC, there exists another

dimethylurea; dinoseb, 2,4-dinitrogecbutylphenol; MES, 24{- L . . .
morpholinoethanesulfonic acid; HOQNOheptyl 4-hydroxyquinoline-  Striking difference between purple bacteria reaction centers
N-oxide; PQ, plastoquinone; PQHplastoquinol. and PS Il of oxygenic photosynthesis. The PS Il complex
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of both higher plants and cyanobacteria contains the tightly the redox states,Sand S of the WOC §7—60). A very
bound integral heme protein cytochrome (Cyt) b559 (see refsefficient electron donation to WOC was also found for the

1517 for reviews). X-ray structural analyses with resolu-
tions of 3.8-3.0 A of crystals from PS Il complexes of the
two thermophilic cyanobacteriBhermosynechococcus elon-
gatusand Thermosynechococcusilcanus(18—23) reveal

lipophilic tetraphenylboron (TPB) anio®{—63), but unlike
“true” ADRY compounds, TPB is irreversibly consumed in
this reacton§2, 63). The interactions of ADRY-type reagents
and TPB with Cyt b559 cause its oxidation in the dark and,

that the two subunits PSbE and PsbF of Cyt b559 are locatedto a larger extent, under illuminatiol3, 31, 41, 56, 64—

near the D2 protein. The heme iron is coordinated by two

70). These effects have been assigned to the transformation

axial histidine ligands of both subunits (PsbE and PsbF), eachof HP Cyt b559 to an autoxidizible LP form. Transformation
containing a single His and forming one transmembrane helix of HP Cyt b559 into the LP form was also reported to be

(24—30). The heme group of Cyt b559 is located near the
cytosolic surfaceZ7, 30) at a centercenter distance of about
30 A to @ (23) and is characterized by unique redox
properties.

In PS Il membrane fragments from higher plants, Cyt b559
exists in three forms characterized by a different midpoint
potential Ey) of the heme group31—37). At pH 6.5, the
dominant form exhibits an unusually high midpoint potential
with an Ey, value from+390 to +400 mV [high potential
(HP) form] and a relative population of typically 70%. The
remaining minor fractions are present in varying amounts
of the intermediate potential (IP) form with &g, from +200
to +250 mV and the low potential (LP) form with da,
from +50 to +100 mV.

The functional role of Cyt b559 in PS Il is still not yet

induced by the PS Il herbicide 2,4-dinitrosgebutylphenol
(dinoseb) at millimolar concentrationg1).

The underlying mechanism(s) of these effects are not yet
clarified. Therefore, the present study was performed to
address this point. Thorough analyses of effects induced by
PS 1l herbicides [3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU) and dinoseb], the lipophilic anion TPB, and a
typical ADRY compound CCCP were performed on the basis
of measurements of the redox pattern of Cyt b559. The
results obtained reveal that all studied compounds specifically
interact with HP Cyt b559 and provide evidence for the
existence of an additional binding site for them within the
PS Il complex, which is different from the well-characterized
Qs site. The implications of these findings are discussed.

completely clarified. Several possibilities have been discussedATERIALS AND METHODS

(15—-17). A common view considers Cyt b559 as a member
of the cyclic electron pathway, which contributes to the

PS Il membrane fragments from sugar beet were isolated
according to the procedure in ré2 with some modifications

prqtt_action of PS I against photoinhibition. In this reaction, (73). All assays were performed in buffer medium containing
oxidized Cyt b559 is assumed to operate as an electronigg mm 2-N-morpholinojethanesulfonic acid (MES) (pH

acceptor for either the reduced P@ldool, the bound
semiquinone @', or QsH; (38—42) and the reduced heme
group acts as an electron donor to P68With carotenoid
(Car) and, presumably, chlorophyll (Chlas intermediate

6.5), 0.4 M sucrose, 15 mM NaCl, 10 mM CaCand 10%
glycerol at 20°C. DCMU, dinoseb, and CCCP were
dissolved in ethanol. The maximal amount of ethanol in
samples containing high concentrations of herbicides was

redox active group(s). Recently, Cyt b559 has been proposed; g, After the addition of DCMU, dinoseb, TPB, or CCCP,

to function as a catalyst for the oxidation of the reduced PQ
pool by molecular oxygerd@—45).

The origin of the differences between the HP, IP, and LP
redox forms of Cyt b559 is not yet resolved. Several
possibilities have been considered: (i) variation in the mutual
orientation of the planes of the axial histidine ligands of the
heme groupZ6), (ii) modifications of the protonation and/
or hydrogen-bonding pattern of axial ligand&l(37, 46—

48), (i) changes in the polarity of the dielectric environment
of the heme 49), or (iv) changes in the nature of heme
coordination 86).

The configuration related to the structure of HP Cyt b559

the samples were incubated anaerobically for 15 min before
the beginning of the redox titration if another procedure is
not specially indicated.

Difference absorbance spectra of Cyt b559 were recorded
in the spectrophotometer Cary 4000 with an optical slit width
of 2.5 nm in the range of 526690 nm as previously
described§5). The amplitude of absorbance changes at 560
nm in the difference spectra of Cyt b559 was determined
relative to a line connecting reference points at 546 and 573
nm. The total amount of Cyt b559 was determined by
measuring difference spectra of “dithionite-reduced minus
K3[Fe(CN)]-oxidized” Cyt b559. The amount of initially

is unstable toward different treatments including aging, heat reduced Cyt b559 was gathered from the amplitude of its
and high pH treatments, and increased concentrations of salt€hemical oxidation by the addition of 100 K s[Fe(CN)).

and detergentslg, 31, 32, 34, 36, 50—55). As the result of

The Chl concentration was determined according tordef

such treatments, HP Cyt b559 is transformed into the IP form In all assays, it was in the range of-360 ug/mL.

or a mixture of the IP and LP forms.
A transformation of HP Cyt b559 to lower potential form-

Anaerobic redox titration of Cyt b559 was performed by
measuring difference absorbance spectra at various ambient

(s) is suggested to be induced also by the so-called acceleraredox potentials of the suspension as previously described

tion of the deactivation reactions of system Y (ADRY)
reagents, such as carbonylcyan#ifluoromethoxyphe-
nylhydrazone (FCCP), carbonylcyanideehlorophenylhy-
drazone (CCCP), and 2-(3-chloro-4-trifluoromethyl)aniline-
3,5-dinitrothiophene (ANT2p)3(, 56). These highly lipophilic
aromatic compounds, which contain a moderately acidic NH
(or OH) group, catalyze a pathway for the fast reduction of

(36, 55). Anaerobic conditions were achieved by a constant
flow of argon above the sample solution and by the addition
of 0.25 mg/mL glucose oxidase, 0.05 mg/mL catalase, and
5 mM glucose to the assay mediunmy[IRe(CN)] and freshly

prepared sodium dithionite were used as the oxidant and
reductant, respectively, and the following redox mediators
were added: 1,4-benzoquinone, 2,3,5,6-tetramaitpthe-
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Ficure 1: Dark oxidation of Cyt b559 in suspensions of PS Il Ficure 2: Relative amplitude of reduced Cyt b559 as a function
membrane fragments. The percentage of reduced Cyt b559 wasof the incubation time in suspensions of PS Il membrane fragments
determined at different time intervals after the suspension of incubated in the dark in the presence of 32@ DCMU under
concentrated samples of PS Il membranes in the assay mediundifferent redox conditions. Concentrated samples of PS Il mem-
containing either no further additions (a), 20 DCMU (b), 25 branes were suspended in the assay medium in the presence of 320
uM dinoseb (c), 32«M DCMU (d), or 1 uM TPB (e). uM DCMU containing either no further additions (a), supplemented
with the system glucose/glucose oxidase to maintain anaerobiosis
(b), or redox-buffered at-300 mV under ae(;gszc ?c?;gtirtnigrnsw(ifa'
nylenediamine, 2,5-dimethyl-1,4-benzoquinone, FeSEN- g] Sr%TirF;]thecll %g%m KFat[eF(%(l\cl:N)iarl tvﬁlgi\sia emedium to adjust
ylenedlamlnetetraacet|c acid (_EDTA) complex, 2-methyl-1,4- thpepambient r}:adox potg[ntia(l teé%)o mV. For %lurther details, Jsee
naphtoquinone at concentrations of &l; 2-hydroxy-1,4- the Materials and Methods.
naphtoquinone at a concentration of 281; N-methyl-
phenazonium methosulfate aNemethylphenazonium etho-
sulfate at concentrations of 1M. curves b and d of Figure 1 reveals that the DCMU
Both reductive and oxidative redox titrations were per- concentrations, which are required for stimulation of the dark
formed in each experiment, mostly using one and the sameoxidation of Cyt b559, cover a range of hundreds of
sample. Each pointin Figures 4, 5, 7, 8, 10, and 11 representsnicromolars, i.e., are much higher than necessary for the
the average of the values obtained in the two titration blockage of Qreoxidation by @ (75—79). Further studies
experiments of opposite direction. The difference between were performed to elucidate underlying mechanisms of
the midpoint potentials of HP Cyt b559 gathered from effects on the redox state of Cyt b559 induced by TPB,

oxidative and reductive titrations was normally withi# 80 DCMU, and dinoseb.
mV. Potentiometric Nernst curves were analyzed by a Figure 2 demonstrates that the dark oxidation of HP Cyt
nonlinear curve-fitting Origin program. b559 caused by the presence of 320 DCMU (curve a) is

Furthermore, we carefully checked for possible effects completely eliminated either by anaerobiosis (curve b) or
caused by the solvent addition from the stock solutions of by the buffering of the redox potential of the medium at 300
the added compounds. The results obtained at the maximakmy under aerobic conditions (curve c). These findings show
ethanol content of 1.6% were virtually the same as those of that (i) atmospheric oxygen acts as an electron acceptor in
the control without the addition of this solvent (for the sake the process of HP Cyt b559 dark oxidation and (ii) slow
of clarity, the data points are not explicitly shown in the autoxidation of HP Cyt b559 is not the result of a
figures, but data evaluation clearly illustrates the findings; transformation of the HP form into lower redox potential
see caption of Figure 4). forms (IP or LP). The latter conclusion is confirmed by a

crucial check experiment, wherelke(CN)] added at
RESULTS millimolar concentrations to samples containing Cyt b559

Untreated samples of PS Il membrane fragments from autooxidized in the presence of 3201 DCMU restores the
sugar beet used in this study contained-80% of total Cyt initial level of reduced Cyt b559 (data not shown). Therefore,
b559 in the reduced state. This fraction reflects the contentthe underlying mechanism of the DCMU effect described
of initially reduced HP and IP forms of Cyt b5586). Figure above is principally different from that earlier suggested for
1 demonstrates effects of the slow partial oxidation of HP ADRY agents 81, 56).

Cyt in suspensions of PS Il membrane fragments incubated The latter conclusion was additionally checked by per-
in the dark at 20°C under aerobic conditions. forming redox titrations of Cyt b559 in PS Il membrane

Curve a in Figure 1 shows that in untreated Samp|es thefragments after 40 min of dark oxidation of Cyt b559 in the
initially reduced Cyt b559 is very slowly oxidized in the presence of 328M DCMU. The results obtained are shown
dark, reaching a level of 66% after 40 min of sample in Figure 3.
incubation. This small effect may reflect an autoxidation of ~ Data fitting and a comparison with the untreated control
initially reduced IP Cyt b559. Figure 1 further shows that sample (curve a) reveal that neither the midpoint potentials
the extent of slow dark oxidation of Cyt b559 is unaffected of the three redox forms nor their relative contributions were
by the addition of 2QuM DCMU (curve b) but is signifi- significantly effected by a long incubation with 32M
cantly enhanced in samples that contained higher amountsDCMU (curve b). The only discernible effect observed is a
of DCMU (curve d), another PS Il herbicide, dinoseb (curve slight down shift of theE,, of HP Cyt b559 from+395 to
c), or the lipophilic anion TPB (curve e). A comparison of +365 mV. It is important to note that in all redox titrations
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Ficure 3: Relative amplitude of reduced Cyt b559 as a function 0,31 -
of the redox potential in suspensions of untreated PS Il membrane 1 1
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closed symbols represent the data obtained in oxidative and : a : . 7 :
reductive redox titrations, respectively. The best fit of the data points
of sample a is a sum of three one-electron components Ejth -log [DCMU (M)]
values of+395,+247, and+116 mV with relative amplitudes of N .
Y M L Ficure 4: Midpoint potentials of HP (a), IP (b), and LP (c) redox
0,
75, 16, and 9%, respectively (the fitting curve and the data for forms of Cyt b559 as functions of the DCMU concentration in

reductive titration are not shown for the sake of simplicity; see . e
refs 36 and55 for details). It must be emphazised that, despite the SUSPensions of PS Il membrane fragments. Redox fitrations of Cyt
. b559 were performed in suspensions of PS || membrane fragments

comparatively small amplitudes, the IP and LP forms are clearly e . . X
PR ; ; 3 containing different amounts of DCMU. The scalings of the ordinate
distinguished components as outlined in r@éand55. Further: for the HP, IP, and LP Cyt b559 are different as shown. Each

more, we have also carefully checked for a possible contribution point in the figure represents the average of the two fitration

of other components, e.g., originating from Cyt.[As outlined in . . - ) .
detail in our previous studies3§ 55), the spectral analyses CEXPeriments; the maximal difference between Ejevalues in

confirmed that the data reflect only Cyt b559. The best fit for the repetitive experiments did not exceed 10 mV. The full-line curve

data points of sample b is a sum of three one-electron componentd©" the data set (a) represents the bCeMle fitby eq 1 (see the E)Cia%ussion)
with En, values of +365, +246, and+120 mV and relative  With the following parameters: Kb~ = 3.7, maximal o5

amplitudes of 79, 10, and 11%, respectively. = 2.0, andEn([DCMU] = 0) = +391 mV. The redox pattern of
Cyt b559 in a control sample without DCMU containing the
maximal amount of ethanol used in this study (1.6%) was best-

, I . _ fitted by three one-electron components values of+386,
performed in the present study both oxidative and reductive 558 gnd—klog mV and relativepamplitudvé\&shof 73, 15, and 12%,

titrations were carried out in one and the same sample, unlesgespectively.
indicated otherwise. These titrations in opposite directions
were usually separated by a time interval of-BD min.
The data points in curve b of Figure 3 show that both titration
curves (in oxidative and reductive directions) are virtually
identical. This finding further demonstrates that no irrevers-
ible changes in the properties of the heme group (stable HP
to IP/LP transformation) take place during an even longer
incubation at high (32@M) DCMU concentrations.

To unravel the origin of the small effect on tkg, value
of HP Cyt b559 induced by 32@M DCMU, the redox
pattern of Cyt b559 was studied as a function of the DCMU N N T |
concentration. The results obtained (depicted in Figure 4 in o ‘ e
a logarithmic scale of the DCMU concentration) clearly show 0 100 200 300 400 500 600 700
that in accordance with the data of Figure 3 only the HP DCMU, 1M

form is a.LffeC.ted by D.CMU' FIGURE 5: Relative amplitudes of HP (a), IP (b), and LP (c) forms
The midpoint potential of HP Cyt bS59 gradually decreases of cyt b559 in PS Il membrane fragments as functions of the

with increasing DCMU concentrations. At the highest DCMU concentration. The relative amplitudes of the HP, IP, and
DCMU concentration of 64@M, the E,, value shifts down LP Cyt b559 were gathered from titration experiments performed
to +355 mV. It must be emphasized that the results of in samples containing different amounts of DCMU.

oxidative and reductive titrations at different concentrations

of DCMU in the same sample again showed the absence ofthese data compared with those of HP Cyt b559 is explained
any irreversible time-dependent modifications of the redox by the significantly lower relative amplitudes of the IP and
properties of the heme group during the course of the titration LP components in the redox titration curves.

experiments. In marked contrast to the response of HP Cyt Figure 5 shows the dependence on the DCMU concentra-
b559 (Figure 4a), the other forms (IP and LP) do not exhibit tion of the relative amplitudes of the three forms of Cyt b559
an analogous dependencesfon the DCMU concentration  (HP, IP, and LP) derived from the redox titration curves.
(parts b and c of Figure 4). The much higher scattering of These data provide clear evidence for the invariance of the
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Ficure 6: Relative amplitude of reduced Cyt b559 as a function
of the redox potential in a suspension of PS [l membrane fragments
containing 11QuM dinoseb. Closed and open symbols represent
the data points for reductive and oxidative titrations, respectively.
The full line is the best fit with a sum of the three one-electron
components withe,, values of+318, +217, and+101 mV and
relative amplitudes of 81, 8, and 11%, respectively.

fractions of HP, IP, and LP forms of Cyt b559 within the
whole range of DCMU concentrations.

The data of Figure 1 demonstrate also that the phenolic-
type PS Il herbicide dinoseb stimulates an oxidation of Cyt
b559 in the dark. Because the mode of action on PS Il differs
between DCMU and dinoseb (see the Discussion), we
analyzed the effect of dinoseb on the redox properties of
Cyt b559 in more detail. Figure 6 shows the oxidative and
reductive titration curves of Cyt b559 in PS Il membrane
fragments in the presence of 148 dinoseb. The data fit
reveals that, in analogy to the action of DCMU, exclusively,
the Ep, of the HP form is affected among the three forms of
Cyt b559. A decrease of th&, value down to+318 mV at
110 uM dinoseb is observed.

Figure 7 presents a plot &, values of the HP, IP, and
LP forms of Cyt b559 as a function of the negative logarithm
of the dinoseb concentratiop[flinoseb]). These results show
that, qualitatively, the same pattern is observed as that for
DCMU; i.e., the HP form of Cyt b559 exhibits a decrease
in the E,, with increasing concentrations of dinoseb.

In marked contrast to DCMU, where the onset of Exe
decrease (Figure 4a) and the inhibition of the linear electron
transport in PS Il 75, 78, 79) occur at quite different

Biochemistry, Vol. 46, No. 4, 20071095
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FIGUure 7: Midpoint potentials of the HP (a), IP (b), and LP (c)
redox forms of Cyt b559 as functions of the dinoseb concentration
in suspensions of PS Il membrane fragments. Redox titrations of
Cyt b559 were performed on PS Il membrane fragments suspended
either in the presencedj or absencel, O, and a) of 40 uM
DCMU at different amounts of dinoseb. The scalings of the ordinate
for the Ep, values of the three redox forms of Cyt b559 are different
as shown. The full-line curve for the data set (a) represents the
best fit by eq 1 (see the Discussion) with the following param-
eters: [KI" = 5.18, maximal g% = 1.8, andEy([dinoseb]=
0) = +390 mV. For further details, see the Materials and Methods.

more, the addition of 4aM DCMU to the titration medium
that already contained different amounts of dinoseb neither
changed the relative amplitudes of the HP, IP, and LP forms
in the titration curves nor induced the appearance of a HP
form with an E, value close to+390 mV, which is
characteristic for th&,, of HP Cyt b559 in the presence of
40 uM DCMU alone. These findings clearly demonstrate
that the occupancy of thegite by the DCMU molecule
does not affect the interaction of dinoseb with HP Cyt b559.
Accordingly, PS Il herbicides are capable of binding to a
site in PS Il that is at or near HP Cyt b559 and is different
from the @ site. In the following sections, this “new”
binding site will be symbolized by §

concentrations, in the case of dinoseb, both effects emerge Unlike the experiments with DCMU, in the case of

in the same concentration range. Indeédyalues of +-3
uM are reported for PS Il inhibition by dinosel@q—81),

dinoseb, we found that high concentrations of this phenolic
herbicide induced a transformation of HP Cyt b559 to the

which cover the same range of the concentrations where thelP form, and this effect is time-dependent. Figure 8 shows
onset of theE, decrease in Figure 7 arises. Therefore, it the relative contents of the three redox forms of Cyt b559,
might be possible that the dinoseb effect on Eyeof HP derived from the titration curves, as functions of the dinoseb
Cyt b559 is related to the binding of this phenolic herbicide concentration. The data of Figure 8A correspond to the
to the @ site. titration experiments described by Figure 7 and are obtained
To check for the latter possibility, redox titration experi- when the redox titration is carried out after 15 min of
ments were performed in the presence of both dinoseb andincubation of the sample in the presence of dinoseb. The
40 uM DCMU. This DCMU concentration is high enough same conditions were used in the experiments with DCMU
to fully saturate the binding to thegGite, but on the other ~ shown in Figures 4 and 5. In the case of dinoseb, the relative
hand, it is sufficiently low to induce only a negligible effect amounts of the three forms of Cyt b559 remain invariant up
on theE, of HP Cyt b559 (see Figure 4). The open circles to a concentration of 200M and only theE, value of HP
in Figure 7 represent thg, values of HP Cyt b559 obtained Cyt b559 depends upon the herbicide concentration. At
in the presence of different dinoseb concentrations and 40concentrations of dinoseb exceeding 20M, a partial
uM DCMU. The data points obtained in the absence and transformation of the HP to the IP form is observed, while
presence of 4aM DCMU are virtually identical. Further-  the level of the LP redox form remains unchanged. This
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Ficure 9: Relative amplitude of reduced Cyt b559 as a function
of the redox potential in suspensions of PS Il membrane fragments
in the absence (a) and presence of eithes/80TPB (b) or 20uM
CCCP (c). Open and closed symbols represent the data obtained
in oxidative and reductive redox titrations, respectively. The best
fit of the data points of the control sample a is a sum of three one-
electron components witk,, values of+404, +169, and 0 mV
and relative amplitudes of 71, 10, and 19%, respectively. The best
fit for the data points of sample b is a sum of three one-electron
components withE,, values of +265, +171, and—7 mV and
relative amplitudes of 54, 24, and 22%, respectively. The best fit
for the data points of sample ¢ is a sum of three one-electron
components withE, values of+316, +107, and—12 mV and
relative amplitudes of 66, 11, and 23%, respectively.

Cyt b559 with averag&n, values of about-170 and 0 mV,

of Cyt b559 as functions of the dinoseb concentration in suspensionsrespectively. In these preparations, thg value of IP Cyt

of PS Il membrane fragments preincubated anaerobically with
dinoseb for 15 min (A) or 100 min (B) before the beginning of the
redox titration. The relative amplitudes of the HP, IP, and LP Cyt

b559 is similar to that reported by Losada and co-workers
for PS Il membrane-fragment preparations from spinach and

b559 were gathered from titration experiments performed in samplesP€a leaves, where a redox form of Cyt b559 wittEajvalue

containing different amounts of dinoseb. For further details, see
the text and the Materials and Methods.

transformation is assumed to originate from a slow dinoseb-

induced, most likely irreversible, structural change.

Figure 8B shows the relative amplitudes of HP, IP, and
LP Cyt b559 gathered from redox titrations that were
performed in samples preincubated for 100 min in the

presence of dinoseb under anaerobic conditions. Oxygen wa

excluded to avoid autoxidation of HP Cyt b559 in the
presence of dinoseb. The results reveal that under thes
conditions the onset of the HP to IP transformation of Cyt
b559 is shifted to much lower concentrations of the herbicide.
It is important to note that th&, values of the Cyt b559
fraction that remains in the HP form in the sample prein-
cubated with dinoseb were only slightly affected [tBg
values were lower by~10—15 mV in the experiments of
Figure 8B (not shown) as compared to those of Figure 8A
(presented in part a of Figure 7)].

As it is illustrated in Figure 1, TPB, which is a powerful
ionophoric PS 1l donor@2), leads to a similar dark oxidation
of HP Cyt b559 as PS Il herbicides DCMU and dinoseb. To
address the possible influence of TPB onHyeof Cyt b559,
redox titrations of the heme protein were performed in PS
Il membrane fragments in the presence of TPB.

We have found in numerious redox titrations that the
averagek,, values of the IP and LP forms in most of our

in the range fromt140 to+200 mV has been found{,
37). It is important to note that, despite the variations in the
En, values of the IP and LP forms among the different PS Il
membrane-fragment preparations, tag value of the HP
Cyt b559 (from+390 to +400 mV) is virtually invariant
(this work and refs36 and55).

The TPB-induced effect oy, of HP Cyt b559 is markedly

igher than that of the herbicides DCMU and dinoseb.

herefore, the preparations with the lovigy values for the

dP form provide the most suitable material to separate effects

of TPB on the HP Cyt b559 from those induced in the IP
form. Thus, this sample material was used for the titration
experiments in the presence of TPB.

Figure 9 shows typical redox titration curves of Cyt b559
in the absence (curve a) and presence (curve b) giN30
TPB. An inspection of these data reveals two important
phenomena: (i) thee,, of +404 mV for HP Cyt b559
observed in the control sample is shifted downrH265 mV
in the presence of 30M TPB, while the values o, for
IP and LP Cyt b559 remain unchanged, and (ii) the
percentage of HP Cyt b559 decreases, accompanied by a
concomitant increase in the amount of the IP form.

Figure 10 demonstrates that the midpoint potential of HP
Cyt b559 exhibits a pronounced dependence on the concen-
tration of TPB, while the redox potentials of the two other
redox forms, IP and LP, do not deviate from the values

preparations of PS Il membrane fragments from spinach anddetermined in the absence of TPB. This feature is very

sugar beet cover ranges fro#r230 to+250 mV and from
+50 to +120 mV, respectively (this paper and r&6 and

similar to the redox titration patterns induced by DCMU and
dinoseb.

55). Some preparations, however, were characterized by An important result of Figure 10 is the finding that the

lower midpoint potential values of the IP and LP forms of

En of the HP Cyt b559 reaches a plateau at high TPB
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0,14 i Ficure 11: Relative amplitudes of HP (a), IP (b), and LP (c) forms
of Cyt b559 as functions of the TPB concentration in suspensions
of PS Il membrane fragments. The relative amplitudes of the three

c redox forms of Cyt b559 were gathered from titration experiments
A A performed in samples containing different amounts of TPB. For

00 A—= = 4 further details, see the text and the Materials and Methods.

8 4 5 6 7 8 9 1 The uncoupler and ADRY agent CCCP at a concentration
- log [TPB (M)] of 15—-30 uM was previously shown to promote the dark

Ficure 10: Midpoint potentials of HP (a), IP (b), and LP (c) redox oxidation of HP Cyt b559, and the effect was assigned to a
forms of Cyt bS59 as functions of the TPB concentration in transformation of HP Cyt b559 to an autoxidizable LP form
suspensions of PS Il membrane fragments. Redox titrations of Cyt (31). This explanation, however, appears to be questionable
b559 were performed in suspensions of PS Il membrane fragments o ' LT
containing different amounts of TPB. The full-line curve for the when taking into consideration similar effects of DCMU,
data set (a) represents the best fit by eq 1 (see the Discussion) witflinoseb, and TPB on HP Cyt b559. To address this point,
the following parameters: Ky,'"8 = 7.14, K(ed'FB = 4.4, andE,,- we have examined the redox pattern of HP Cyt b559 in the
([TPB] = 0) = +402 mV. presence of CCCP. The results obtained (curve c in Figure
9) show that in the presence of 20 CCCP thek,, of HP

Cyt b559 significantly decreases to a value+4e316 mV,
while the relative content of this redox form is diminished
by only 5%. This finding is a clear indication for the effect
of CCCP on the redox pattern of Cyt b559 being qualitatively
identical to that induced by DCMU, dinoseb, and TPB.
Accordingly, a common mechanism is responsible for the
action on HP Cyt b559 of all of the compounds studied in
the present work.

concentrations, thus indicating that saturation of the binding
site with TPB takes place. As it is described in the
Discussion, the fitting the data points by eq 1 leads to an
asymptotic value of-237 mV for theE,, of HP Cyt b559 at
high TPB concentrations. This value closely resembles
typical values ofEy, of the IP form. As a consequence of
this similarity, an unambiguous separation between effects
on HP and IP Cyt b559 cannot be achieved in investigations
performed in most of our preparations. However, with the pscuyssioN
samples used for the experiments with TPB in this study, a
clear distinction is possible between the HP form modified = Mechanism of the Dark Oxidation of HP Cyt b55he
by TPB and the IP form. present paper describes effects of the PS Il herbicides DCMU
Figure 11 depicts the relative content of the three redox and dinoseb, the powerful ionophoric PS Il donor TPB, and
forms as a function of the negative logarithm of the TPB the ADRY compound CCCP on the redox properties of Cyt
concentration. These data reveal that, at TPB concentrationd?559. We have shown that three of the studied compounds,
which are sufficiently low, the relative amounts of HP, IP, DCMU, dinoseb, and TPB, induced the dark oxidation of
and LP Cyt b559 do not deviate from the values observed HP Cyt b559 in preparations of PS Il membrane fragments.
in untreated samples (with ti&, of HP Cyt b559 depending  In earlier studies, the ADRY reagents CCCP, FCCP, and
upon the TPB concentration). An analogous feature wasAnt2p 31, 41, 56, 69, 70), the phenolic herbicide dinoseb
observed also for DCMU and dinoseb as described above.(71), and TPB 67) were also reported to induce the dark
Increasing TPB concentrations resulted in a marked increaseoxidation of HP Cyt b559, and the effect was interpreted as
in the relative amount of the IP form and, to a lesser extent, to originate from a HP— LP transformation of Cyt b559.
the LP form at the expense of the HP redox form. This However, this explanation is not straightforward be-
finding indicates that high concentrations of TPB induce a cause it lacks the sound basis of detailed redox titration
transformation of the HP Cyt b559 into the IP and LP forms. experiments.
A longer sample incubation in the presence of high TPB  Therefore, thorough examinations on the redox titration
concentrations resulted in a pronounced increase of thepattern of Cyt b559 were performed in the presence of
percentage of LP Cyt b559 (data not shown). Therefore, DCMU, dinoseb, TPB, and CCCP. The data obtained
reductive and oxidative redox titrations of Cyt b559 in the revealed for the first time that in a selected concentration
presence of 1 mM TPB were performed each in a new range of the active substances (this range depends upon the
sample. nature of the compound) an autoxidation of Cyt b559 can
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Scheme 1: Schematic Representation of the Interaction of
Exogenous Substances L Bound at Sitea@d HP Cyt
b55%

Kaminskaya et al.

Table 1: Dissociation Constants in the Qite for Some PS |l
Inhibitors Determined by their Effect on th&, of HP Cyt b559 [nd
= Not Determined (See the Text)]

K K

L + (HPb559%) ™00V L + (HP b559%) Do Phed
- DCMU 3.70 nd

dinoseb 5.18 nd

H oK. l oK TPB 7.14 4.40

L-(HP b559™) L-(HP b559%")

Accordingly, the midpoint redox potential of HP Cyt b559
in the presence of a compound L (in our case, DCMU,

2 The symbolEn([L ss]) describes the midpoint potential of HP Cyt  dinoseb, TPB, or CCCP) at concentration [By([L]), is
b559 when the binding of L reaches the saturation level (for details, given by the following equation:
see the text).

E (LD

RT (1+ [LI/Ky

E. (L)) =E\(L] =0)+ —In————
be induced without any concomitant transformation of the (LD mllL] ) nF @+ Ly Ktx)

HP Cyt b559 into the IP and/or LP form(s) (compare Figure

1 to Figures 5, 8A, and 11). In excellent correspondence with where K5, and K, are the dissociation constants of the
this result, dark oxidation of HP Cyt b559 in the presence compound L in the @site when the heme group of HP Cyt
of DCMU was found to be completely prevented if the b559 is oxidized and reduced, respectively. In eq 1, [L]
ambient redox potential of the suspension is buffered at 300denotes the concentration of free, i.e., unbound, compound
mV (see Figure 2). Furthermore, DCMU, dinoseb, and TPB L, so that
specifically decreased the midpoint potential of HP Cyt b559

in a concentration-dependent manner, accompanied neither [L] =[Ld — [L-Qd (2)
by analogous effects on tHg, of IP and LP Cyt b559 nor

by a marked transformation of HP Cyt b559 into the IP or Where [L] is the total concentration of L and [LDis the
LP forms (see Figures-411). concentration of PS Il centers with ac@ite occupied by

compound L. The data presented in Figures 4a, 7a, and 10a
The results gathered from the data of the present study ) A
lead to the following conclusions: (i) the PS Il complex were analyzed by using eq 1 and the approximation

contains a binding site for DCMU, dinoseb, TPB, and CCCP, [L] ~[L,] ()
symbolized by @, which exhibits an interaction (direct or
remote) with the heme group of Cyt b559; (ii) among the which is satisfied for [L-Q] < [L]. The concentration of
three discernible forms of Cyt b559 (HP, IP, and LP), these PS |l complexes used in titration experiments of the present
interactions are restricted to the heme group of HP Cyt b559; study was about 0,2M, and this value determines the upper
and (iii) the binding of an active substance at thesQe is limit for [L-Q ¢]. Therefore, the use of the relation (eq 3) is
dependent upon the redox state of HP Cyt b559, with a higherwell-justified for fitting the data points by eq 1 for f|.> 2
affinity when the heme group is oxidized. uM (p[L] = 5.7). On the other hand, at concentrations of
Potentiometric effects on the heme group induced by [L,] approaching 0, the ratios /K5, and [LoJ/KL,, are
herbicides are an entirely new phenomenon for HP Cyt b559 very small and can be neglected, so thatEy¢L]) values
in PS II, but analogous effects were already reported in the approaches a limiEy([L] = 0) as experimentally observed.
literature for other b-type cytochromes. Various Q-site The use of eq 1 tacitly implies that the kinetics of L
inhibitors are known to affect the,, values of b-type hemes  equilibration with @ is fast compared with the redox titration
in different quinone/quinol-dependent oxidoreductases. For (about 2-3 min for each data point).
instance, the binding of inhibitors to sites @d Q of the The K- values gathered from the fits of the experimental
bc, complex causes various shifts of tBg values of hemes  data for DCMU, dinoseb, and TPB are summarized in Table
b and ly (82—84). In succinate:menaquinone oxidoreductase 1. TheEqy([L] = 0) value is about-400 mV as determined
from Bacillus subtilis occupation by the quinone analogue for HP Cyt b559 in untreated PS Il samples, while a value
2-n-heptyl 4-hydroxyquinolineN-oxide (HOQNO) of a of about+240 mV for En([L saf) was obtained from the data
quinone-binding site induces a negative shift of about 60 of Figure 10 as the asymptotic value that is reached at TPB
mV in E, of the interacting heme b(85). Substantial concentrations sufficiently higher tha.q For the two
potentiometric effects are also reported for the diheme b-type herbicides DCMU and dinoseb, the second inflection point
cytochrome ofEscherichia colinitrate reductase A because of the curves of thee,, of HP Cyt b559 as a function of
of the binding of the inhibitors HOQNO and stigmatellin  p[L]( —log([L]) has not been reached within the region of
(86). the L concentrations covered in the present study. As a

The effect on theEn of HP Cyt b559 induced by the —consequence, the precise values KPF" and K7 for
binding of DCMU, dinoseb, TPB, and CCCP to the presumed the herbicide affinity of the @site could not be determined

Qc site can be explained within the framework of a general in the case of reduced HP Cyt b559 and fitting the data points
scheme originally considered by Cla&7j (see also re8s). in Figures 4a and 7a was done by assuming reasonable values
The essential point of this mechanism is the idea that the of pKrLed (see the captions of Figures 4 and 7).

binding affinity of a substance to a redox protein depends The mechanism described by Scheme 1 implies that
upon the oxidation state of its integral redox group(s). remarkable structural differences exist between the oxidized

Scheme 1 illustrates this mechanism. and reduced states of HP Cyt b559, which determine the
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difference of the binding constantApK', of the @ site. when a DCMU molecule was bound in the; Qite. This
The existence of structural differences between oxidized andfinding unambiguously shows thats@nd Q. are different
reduced forms of HP Cyt b559 has been already reported insites in the PS Il structure.
the literature 81, 32, 36, 54). We suggested, on the basis of |nterpretation of the Data on Interactions of PS Il with
investigations of optical oxidized minus reduced difference Herbicides within the Framework ofgand Q- Sites.Our
spectra of Cyt b559, that a spin-state transition of the heme conclusion on the existence of a site @ addition to @
iron takes place upon redox change of the heme group inoffers a new insight into experimental data obtained for the
HP Cyt b559 86). In marked contrast to HP Cyt b559, interaction of various herbicides with PS II, which are not
analogous spectral peculiarities were not observed for theeasily understandable within the framework of a single
IP and LP forms of Cyt b559. These results complement common binding site for all PS Il herbicides. These findings
nicely the findings of the present study and support the idea comprise the noncompetitive behavior in affinity studies of
of a redox-dependent structural rearrangement in the vicinity some pairs of herbicide8@, 91, 92), the complex displace-
of the heme group of Cyt b559 that is specific for the HP  ment behavior between different PS Il herbicid88, 93,
form. 94), puzzling results gathered from photoaffinity-labeling
Scheme 1 explains the autoxidation of HP Cyt b559 in studies, which show the binding of herbicides to the PS I
the presence of a substance L (in the present study, DCMU,complex when the @site is already occupied by a covalently
dinoseb, TPB, or CCCP) at concentrations that cause onlylinked compound §5-97), and the opposite sensitivity to
slight down shifts ofE., e.g., in the presence of 32(M different classes of PS Il herbicides of several mutants, where
DCMU or micromolar concentrations of dinoseb. Autoxi- amino acids at or near thes@ocket are replaced by other
dation of HP Cyt b559 induced by low concentrations of L residues through site-directed mutagenes 92, 94, 98—
occurs via a small transiently populated fraction of PS II 101).
complexes with reduced HP Cyt b559 and @sige occupied A very illustrative example for the complex character of
by L. In this fraction of the HP Cyt b559 with bound L, the herbicide interactions with PS Il is the marked differences
redox potential of the heme group attained the valug,gf between effects caused by “classical” and phenolic-type
([Lsaf)- The rate and extent of net autoxidation of HP Cyt herbicides (reviewed in ref§, 7, and9—12). These differ-
b559 induced by different concentrations of L are governed ences include several properties: (i) association/dissociation
by the steady-state concentration of complexes HP Cytkinetics for inhibitor binding 78, 79, 81, 102), (ii) suscep-
b559¢¢—L and the ambient redox potential of the suspension. tibility of PS Il toward photoinhibition in the presence of

The Q Site Is Different from the @Site.The results of ~ these herbicides103-111), (iii) effects on the redox
the present study lead to the conclusion that a binding sitepotential of Q/Q," (110 and on electron paramagnetic
Qc exists for exogenous substances, which is characterizedesonance (EPR) signals of the non-heme irbt),((iv)
by special properties, i.e., the dependence of its binding properties in trypsin-treated chloroplasé®,91, 112-120),
affinity on the redox state of HP Cyt b559. Therefore, and (v)light-induced Car oxidatiorr{, 121). These striking
questions arise on the nature of this site. It has been reportedlifferences between the effects of “classical” and phenolic
that the ADRY agent CCCP may be able to occupy the Q herbicides are difficult to understand if these compounds are
site (78, 89, 90) and to compete with DCMU in binding to  bound exclusively to the £site in PS 1.
this site {8). At first glance, this finding and the effect of Some of the differences could be rationalized by the
ADRY compounds on the redox properties of Cyt 559 assumption that urea, triazine, quinone, and phenolic herbi-
together with the relative proximity of the heme group to cides interact with different amino acid residues in the Q
the @ site (18—23) might suggest that binding L to this  binding niche 6, 80, 94, 95, 100 122, 123). Furthermore,
site could also induce the effects on Cyt b559. However, on the opposite effects of “classical” and phenolic herbicides
the basis of our results, this possibility can be definitely ruled on the Q/Q," redox potential were explained by electro-
out for several reasons. static interaction of @ with the bound phenolic herbicide

First, the DCMU binding at the gsite with a value of anion (10 and/or by assuming various conformational
Kbcmu in the range of 1540 nM (75—79) and at the Q changes in the -Qg protein domain because of a different
site with a value oK) = 200uM gathered from a fitof ~ mode of binding of herbicides to theg@iche (10, 123).
the DCMU effect on thée, of HP Cyt b559 (present study, An alternative and straightforward interpretation of some
see Table 1) differ by a factor of more than 1000. Second, puzzling data, however, can be offered by our proposal on
the binding affinity of DCMU to the @site was not reported  the existence of two binding sites for herbicides within the
to be dependent upon the redox state of Cyt b559. In fact, PS Il complex (@ and @ sites). It appears reasonable to
the affinity constants for DCMU at the gsite determined  suggest that some effects specifically induced by phenolic
either by the equilibrium binding of the labeled herbicide to herbicides originate from their simultaneous binding to both
thylakoids in the dark (in this case, HP Cyt b559 is kept the @ and @ sites because of their similar binding affinity.
reduced) or by oxygen evolution measurements in the In this respect, it is most interesting to note that the effects,
presence of the electron acceptoffFe(CN)] (i.e., when which are specific for phenolic herbicides and not observed
HP Cyt b559 is oxidized) were found to be very simil@s{ for “classical” herbicides (at least at concentrations saturating
79). Third, the occupancy by DCMU of thegite has no the binding to the @ site) resemble those of ADRY
effect on the redox titration pattern of Cyt b559 in the compounds. These effects include the enhancement of dark-
presence of dinoseb (see Figure 7). The latter fact indicatesand light-induced oxidation of Cyt b559 (this paper and refs
that neither the binding affinity of dinoseb to the: Qite 15, 31, 41, 56, and64—71), the induction of Car photooxi-
nor the number of dinoseb-binding:Qites were changed dation @7, 71, 121, 124, 125, and the drastically increased
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decay rates of the redox statesa®d S of the WOC 67—
60, 93, 123 126). The results of the present paper are in

Kaminskaya et al.

the other hand, HP Cyt b559 is partially retained in a
presumably less purified preparation frdmelongatug137).

excellent correspondence with these findings and highly  To account for the effect of PQ on th&, of Cyt b559,

support the idea of a common binding site for phenolic
herbicides and ADRY compounds in the PS Il complex that
is different from the @ site. In an analysis of the strikingly

similar effects of diphenylamines and ADRY-type reagents

we assume that the binding of PQ to the §ite stabilizes
the reduced form of Cyt b559. As a consequence, the affinity
of Qc to PQ is much higher in the reduced HP Cyt b559 as
compared to the oxidized form, i.e.KR3 > pKE2. It is

in PS I, Oettmeier and Renger suggested that the main actionmportant to point out that we consider equilibrium binding

site of diphenylamines is the protein moiety of Cyt b559
(93). It seems likely that the negative charge of the anionic
form of ADRY compounds and phenolic herbicides at
physiological pH values is important for their binding

properties at the @site.

The idea of the existence of two herbicide binding sites
with different affinities is supported by equilibrium binding
studies on atrazind 7, 128 and other herbicided.01) and
results gathered from photoaffinity-labeling investigations,
which identified the binding to proteins of 284 and 41
53 kDa 81, 91, 99, 101, 129 130. A low-affinity site for

of an exchangeable PQ molecule at thesi@e, which implies

the existence of a “PQ-free” form of Cyt b559 that is
characterized by a lower midpoint potential of the heme
group and different conformations of its microenvironment
in the oxidized and reduced state. This presumed “PQ-free”
Cyt b559 form, which retains a protein configuration specific
for the HP form, will be denoted as the intermediate (IM)
form to distinguish it from the known IP and LP forms. These
latter forms are believed to lack the propensity to undergo a
specific conformational change upon oxidoreduction of the
heme group characteristic of HP Cyt b5581,(32, 36, 48,

atrazine has also been identified on the basis of an antibody-54).

binding analysis 128). Furthermore, it has been suggested

The IM form is considered to be unstable. Thus, the

that a second site of herbicide action is located on the donoroccupancy of the @Site by PQ can be regarded as a factor

side of the PS 1l complex131—134).

Cyt b559-Qc Interactions and the Physiological Role of
the @ Site. The reagents that were found to interact with
the proposed @site (PS Il herbicides, ADRY compounds,
and TPB) also bind to the gniche. As a consequence, it
appears likely that the §site is also a PQ-exchangeable
domain of PS II, which interacts with PQ/PQHThis
conclusion is in line with the results of a recent study)(
where the existence in PS Il of two further PQ-binding sites,
besides @ and @, has been proposed. However, unlike the

preserving a specific protein conformation that is character-
istic of the HP Cyt b559. Within the framework of this
model, the transformation of HP Cyt b559 to the IP and LP
forms by various treatments (sonication, aging, heating, and
incubation with detergents, salts, or at high and low pH)
originates from a depletion of the<Gite from the bound
PQ, followed by further conformational rearrangements of
the unstable IM form, thus, leading to the population of IP
and LP Cyt b559. This idea is highly supported by the
experimental finding that the stability toward different sample

previous assumption on the PQ interaction with LP Cyt b559 treatments is significantly higher for reduced than oxidized

(44), our investigation suggests that the PS Il complex
contains a PQ-binding site (Rwhen Cyt b559 is in the HP
form.

The affininty of all endogenous compounds L tested in

HP Cyt b559 81, 34, 36, 54).

The results of the present investigation corroborate the
conclusion on the instability of the “PQ-depleted” HP Cyt
b559. A gradual shift in th&g, of HP Cyt b559 because of

the present study strongly depends upon the redox state ofncreasing concentrations of PS Il inhibitors (Figures 4a, 7a,

HP Cyt b559. This finding suggests the possibility that the
redox state of the heme group also regulates thesit@
affinity to the native components PQ and PQHAccordingly,
the binding of PQ cofactors to thecGite is assumed to
induce a shift in thee,, of Cyt b559.

and 10a) is indicative of a dynamic equilibrium process
described by Scheme 1. Accordingly, a regeneration of HP
Cyt b559 E,, of +400 mV) is expected when the exogenous
cofactor L is replaced by PQ in thec@ite. The data of this
study show that an irreversible transformation HRP (LP)

The key proposal of our model is the assumption that the takes place (Figures 8 and 11) when the ste is nearly

binding of PQ to the @ site is essential in establishing a

L

eq at lower

saturated with TPB or dinoseb, i.e., at [E] K

high (+400 mV) midpoint potential of the heme group in concentrations of L, longer incubation times are required to
Cyt b559. This conclusion is based on earlier findings on a evoke this effect. On the basis of the postulated interaction
decrease of the relative content of HP Cyt b559 upon PQ between Cyt b559 and PQ, these findings are explained by
extraction from lyophilized chloroplast preparations by the instability of a protein configuration characteristic of HP

hexane or heptane washingl( 135 136) and subsequent
dark restoration of the HP form to levels of-580% of the
control after the supplementation of samples with RGE|.

Cyt b559 in the “PQ-free” form.

Our results and data from the literature do not provide
information on the exadt, value of the “PQ-free” HP Cyt

The extent of HP Cyt b559 depends upon the sample type.b559 (IM form). In the PQ extraction experiments on
In the case of PS Il preparations from higher plants, the HP chloroplasts, the “PQ-depleted” Cyt b559 form, which was
form of Cyt b559 becomes missing at the structural hierarchy able to restore the higley, value of the HP form by

level of PS Il core complexes$6), i.e., after deprivation of

equilibrium binding of PQ, was reported to not be reducible

the natural membrane environment. In PS Il core complexesby hydroquinone 136). This study, however, was signifi-

from the thermophilic cyanobacterium elongatusthe HP
form of Cyt b559 is lacking in the preparation of a high

degree of purification that is necessary to obtain 3D crystals

for X-ray diffraction studies of sufficient resolutioB%). On

cantly complicated by an obvious instability of the HP Cyt
b559 in the PQ-free IM form.

On the basis of the proposed interaction between PQ and
HP Cyt b559, the effect on itE, induced by exogenous



Novel Quinone-Binding Site in PS I Biochemistry, Vol. 46, No. 4, 20071101

compounds comprises the replacement of PQ at thsit® the function of Cyt b559 acting as a protectant either to the
by L. In the case of TPB, a value of aboti240 mV was donor- or acceptor-side photoinhibitions, depending upon the
determined forEm([Lsa]) (Figure 10). For DCMU and  overall rate of the photosynthetic electron flow and the level
dinoseb, the maximal values f&([L saf) leading to satisfy- of reduction of the PQ pool.

ing fits of the observed slope of the curves in Figures 4a  Qc Site Hypothesis and Structural DatA. direct proof

and 7a were estimated to B&290 and+190 mV, respec-  for the existence and exact localization of the putative Q
tively. Correspondingly, any lower value f&r([L s4]) is also site in PS 1l would be its identification by a high-resolution
equally suitable. The chemical structure of the compounds X-ray structure. The unravelling of quinone-binding sites is
tested in the present study is quite different; in particular, an ambituous goal. Until recently, information on thg Q
TPB does not contain any N and O atoms, which can form site was rather poor. A breakthrough, however, was achieved
relatively strong hydrogen bonds with the protein environ- when the resolution of the X-ray crystal structure of PS I
ment. On the other hand, the ligating native PQ is expected core complexes frorif. elongatusould be improved to 3.0

to be linked through hydrogen bonds with amino acids in A (23). One striking feature of the novel structure is the
the Q site. As a consequence, the binding interaction discovery of a large cavitiy with two openings: one toward
between TPB and the protein interior of the IM form is the cytoplasmic side and a smaller one toward the membrane
probably not greatly influenced by a change in the redox interior. The large lipophilic cavity possibly provides a
state of the heme group; i.e Kgg and (Ko are nearly the  pathway for the diffusion of PQ. With respect to the
same for the binding of TPB with the IM form. Therefore, conclusions of the present study, the smaller opening of the
it seems likely that the main contribution to the negafive  cavity is of special interest. It is flanked by the transmem-
shift of HP Cyt b559 induced by TPB originates from a brane helices (TMHSs) of the subunits PsbE and PsbF of Cyt
release of bound PQ rather than the binding of TPB. This b559 as well as the TMH of PsbJ and is also in close contact
would imply a value 0of+240 mV as a rough estimate for  with the heme group. These structural peculiarities favor an
the En of the IM form of Cyt b559, corresponding to a value interaction between the PQ/PQHIf the pool and the heme

of 2.7 for the difference in the binding affinithpK = pKieq group of Cyt b559. Therefore, the currently available
— pKox, Oof PQ with the @ site of the IM form, in the case  structural data of highest resolutio3j are in favor of the

of the reduced and oxidized heme groups, respectively. idea of a PQ/PQHbinding site near Cyt b559. New X-ray

An intriguing question is on the possible role of the Q data of higher resolution on crystals that retain the HP form
site in the function of PS Il. It has been suggested that Cyt of Cyt b559 are required to elucidate the structure of a
b559 may participate in the oxidation of P@bly molecular presumed Q site.
oxygen @3—45), and the LP form of Cyt b559 was assumed
to mediate the PQHoxidation @3). These considerations CONCLUDING REMARKS
are in line with the idea that a reversible transition P
LP is essential for the protective function of Cyt b5&09
vivo (31, 46, 138-140. The complete reduction of the
electron acceptors Qand @ was considered to be a factor
that induces the transformation of HP Cyt b559 to an LP
form (138). Although the results of the present study are
fully consistent with this static view, the general problem
emerging from this proposal is the nature of the underlying
mechanism that provides reversibility of the presumed HP
< LP transition. On the other hand, the idedgfregulation
by binding the PQ cofactor at the-@ite offers an alternative
and more elegant mechanism for the role of Cyt b559 in the
protection from photoinhibition.

The assumption of reduced Cyt b559 in the specific protein
configuration, IM, being capable of a preferential binding
of PQ (thus shifting théz,, of the heme tot+400 mV) also ACKNOWLEDGMENT
implies the possibility of a reversed order in the affinity of
Qc to PQH.. If PQH;, preferentially binds when IM Cyt b559 We thank Drs. A. Zouni, K.-D. Irrgang, and J. Kern for
is oxidized, the occupancy of{by PQH would induce a  stimulating discussions on the PS Il structure. The financial
negative shift in thde,, of Cyt b559 as compared to th, supports by grants from the Russian Fund of Basic Research
of the IM form. The opposite binding affinity of PQ and (05-04-49488) and DFG (436 Rus 113/635/0-1) are gratefully
PQH, to the @ site in the reduced and oxidized IM forms acknowledged.
can be rationalized by the assumption that the structural
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