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ABSTRACT. The plastoquinone pool is the central switching point of both respiratory and photosynthetic
electron transport in cyanobacteria. Its redox state can be monitored noninvasively in whole cells using
chlorophyll fluorescence induction, avoiding possible artifacts associated with thylakoid membrane
preparations. This method was applied to cellSyfiechocystisp. PCC 6803 to study respiratory reactions
involving the plastoquinone pool. The role of the respiratory oxidases known from the genomic sequence
of Synechocystisp. PCC 6803 was investigated by a combined strategy using inhibitors and deletion
strains that lack one or more of these oxidases. The putative quinol oxidase of the cytotidrype

was shown to participate in electron transport in thylakoid membranes. The activity of this enzyme in
thylakoids was strongly dependent on culture conditions; it was increased under conditions where the
activity of the cytochromésf complex alone may be insufficient for preventing over-reduction of the PQ
pool. In contrast, no indication of quinol oxidase activity in thylakoids was found for a second alternative
oxidase encoded by theall genes.

The cyanobacteriunBynechocysti$803 has become  Ctall and Cyd 9—13), the localization and function of which
popular for genetic studies, as it is easily transformable andis still under debate (see Discussion). In contrast to the purely
its whole genomic sequence is knowh).(These features  respiratory cytoplasmic membrane, the thylakoid membrane
and the fact that the apparatus of oxygenic photosynthesisharbors the two photosystems and performs both respiration
in cyanobacteria is homologous to the one in green algaeand photosynthesis.

and higher plants mak8ynechocysti6803 an ideal model As both the plastoquinone (PQ) pool and the cytochrome
organism for the study of oxygenic photosynthesis. bef (cyt bef) complex are shared by the photosynthetic and
Both thylakoid and cytoplasmic membranes 8§n- respiratory pathwaysl@, 15), plastoquinone is the acceptor

echocysti$803 harbor a respiratory electron transport chain of electrons from photosystem Il (PS2) and the respiratory
(2, 3). The type-1 NADPH dehydrogenase (NDH-1) complex dehydrogenases and, on the other hand, the source of
from cyanobacteria and higher plands §) prefers NADPH electrons for photosystem | (PS1), the terminal oxidase COX,
over NADH as substrate. Additionally, the genome of and possibly alternative oxidases. Therefore, the PQ pool is
Synechocysti$803 contains genes for three proteins ho- important for balancing respiratory and photosynthetic
mologous to type-2 NADH dehydrogenase (NDH-2), which electron transport and for regulation of the different enzymes.
probably have a regulatory rol6)( Synechocysti§803 also For monitoring the PQ pool, chlorophyll fluorescence
has an active succinate dehydrogenagg The well-  (16-20) is a valuable tool, because it is a noninvasive
characterized cytochrome oxidase (CGXCtal) @) is a  method that can be applied on the in vivo system, thus
terminal oxidase found in both thylakoid and cytoplasmic avoiding preparational artifacts. In particular, the respiratory
membranes. Additionally, there are two alternative oxidases, reactions have often been studied in isolated syst&@ns (
and the physiological relevance of in vitro results often
sfzﬂé S}ggyc\/{asnsdugeggﬁg ﬁ)ért]fllgIlﬂéel{}é%eeﬁgrssecﬂﬁggﬁgi?:ri]?;nigiﬁemains unclear. The information gained from fluorescence
(komplexer Zellfunktionen”) and the Hugman Igrontier Science Program induction depends on the tlm_escale of the measwemem: n
Organization. W.F.J.V. acknowledges support by the Alexander von the range of seconds to minutes, state transitions of the
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! Abbreviations: COX, cytochrome oxidase, also referred to as  of PS2. The redox state of Qin turn, depends on the

Ctal; Ctall, secondary terminal oxidase with limited, if any, activity; Sakili ; ;
Cyd. putative cytochfomedHype quinol oxidase: cyt, cytochrome. availability of PQ molecules, and fluorescence induction

DBMIB, 2,5-dibromo-3-methyl-6-isopropyp-benzoquinone; DCMU, measurements can provide information regarding the redox
3-(3,4-dichlorophenyl)-1,1-dimethylurea; NDH, NAD(P)H dehydroge- state of the PQ pool.

nase; PCP, pentachlorophenol; PPBQ, pherlyenzoquinone; PS1, ; ; ;

photosystem 1; PS2, photosystem 2; PQ, plastoquinone;Pds- The aim of the pre_sent StL_de IS t_O elucidate the. prqcesses
toquinol; SDH, succinate dehydrogenasynechocysti$803, Syn- around the PQ pool in vivo, in particular the contribution of
echocystisp. strain PCC 6803; WT, wild type. various respiratory protein complexes, by means of fluores-

10.1021/bi011683d CCC: $22.00 © 2002 American Chemical Society
Published on Web 02/16/2002



Electron Transport Routes fBynechocysti6803

cence induction. To this end, we use inhibitors of the different

enzymes and deletion strains lacking one or more of the

terminal oxidasesl(). One important result is that ciyid-
type oxidase activity can be detected in thylakoid membranes
particularly when cells are grown at a higher light intensity.

MATERIALS AND METHODS

Materials. Cells were cultivated at a light intensity of 20
to 100uE m2s! for 5 days in BG-11 medium at 32C
under aerobic conditions in Erlenmeyer flasks, either pho-
toautotrophically or with 10 mM glucose (see figure legends).
The following WT strains were used: Amsterdam (from Dr.
R. van Walraven); London (from Dr. P. Nixon); Moscow
(from Dr. S. Shestakov); Osnalwki(from Dr. H. Lill); and
St. Louis (from Dr. H. B. Pakrasi). Additionally, we used
deletion strains lacking one or more of the terminal respira-
tory oxidases 11).

Measurementd-luorescence induction was measured in
a laboratory-built setup at room temperature {23 using
a 1 x 1 cm cuvette with 2 mL sample volume. Cells were
incubated at a chlorophyll concentration of 251 in the
dark under stirring for 2 min (with or without further
additions), followed by illumination. The light source was a
halogen lamp with a filter combination (3 mm Schott GG
400, Balzers DT Blue, Balzers Calflex-3000) to produce light
with a center wavelength of 445 nm, 60 nm fwhm, and an
intensity of 2054E m2s7%, except for the data in Figure
3E, where the intensity was varied. lllumination was
controlled by an electronic shutter (opening time, 2 ms).
Detection was done at 686 nm by a photomultiplier, protected
by a combination of Schott DAL 686- 4 mm Schott RG

665. The time course of fluorescence in the presence of 10

uM DCMU is shown in Figure 1A; the levels of minimal
(Fo), variable Fv) and maximal ) fluorescenced3) are
indicated. We take the fast phase of fluorescence rise
concomitant with the shutter opening, Bs The ratioFy/

Fo was independent of the incident light intensity over the
range used in this study (Figure 1B). This implies that, even
at high light intensity, during the opening time of the shutter
no significant Q reduction, which would induce an apparent
increase of thé-, level and a decrease of th&/Fo ratio,
occurred. Therefore, th&, level that was determined is
indicative of the true (dark adaptedy, level under all
conditions used in this paper.

the electron capacity of the acceptor side of PS2. We defin
the area ratidR as the complementary area, normalized to
the total area (which equals, x At). R* refers to signals
in the presence of 1M DCMU, R*ppgqrefers to signals
obtained with DCMU after preincubation with PPBQ. As
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Ficure 1: (A) Time course of fluorescence during illumination
(205u4E m~2s71) in the presence of 10M DCMU, supplemented

by 10uM DBMIB and 5 mM ascorbate. The insert has an expanded
timescale. (B) Dependence B§, Fy, and theFy/Fq ratio on the
light intensity.

As observed earlierl§) with cells of Synechococcusp.,
when DCMU is used alone, the fluorescence yield continues
to rise slowly after thé- level has been reached. This slow
component could be suppressed by usingWODBMIB in
all measurements with DCMU. DBMIB, in turn, was kept
reduced by 5 mM sodium ascorbate in order to eliminate its
'effects as an electron acceptor or quencher of chlorophyll
fluorescence 15, 25). Fluorescence induction curves, as
shown in Figure 1A, were used to compare the various WT
strains (see previous description). As no significant differ-

ences in fluorescence parameters such a&fig, ratio or

the rise time ofFy have been found, we conclude that the

different laboratory strains are identical with respect to

features relevant to the purposes of the present study.
Measurements of respiratory oxygen consumption of

whole cells in darkness were done with a Clark-type oxygen

%electrode (Bachofer, Germany). Averages from multiple

€ determinations are presented as “averaggandard devia-

tion (N = number of experiments)”.

RESULTS

oxidized PPBQ quenches chlorophyll fluorescence, the cells  Effects of the cytdb Inhibitor DBMIB. When WT cells of
were incubated in darkness for 2 min in the presence of 0.5 Synechocysti§803 are illuminated, a strong quenching of

mM PPBQ, then DCMU was added to interrupt electron
exchange between jQand the PQ pool (or PPBQ), and

the variable fluorescence occurs (relative to the maximum
fluorescence in the presence of DCMU), because plastoquinol

finally 5 mM ascorbate was added to reduce PPBQ (quinols is rapidly oxidized by PS1 via the cyf complex (Figure

do not quench fluorescenc@4)). This procedure restores
the full Fy yield of untreated samples. The presence of 10
uM DCMU was found to be saturating for the complete
exclusion of PPBQ from the £Xite, because higher DCMU
concentrations did not alter the resulting valueRsbpsg
Ascorbate alone did not affect the signals.

2A). This is in striking contrast to the situation in higher
plants, where PQfbxidation at cytf is limiting and where,
accordingly, the pool becomes completely reduced in the
light. In Synechocysti$803, a complete reduction of PQ
during illumination can be observed only when the byft
complex is inhibited, for instance, by DBMIB (Figure 2B).
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A un ordinate). At saturating DBMIB concentration, the curve in
r > +DCMU Figure 2C levels off at abotM = 4. Assuming a total number

E {L« of 10 PQ molecules/PS2§), this suggests that 80% of the
° PQ pool is reduced before illumination.
| Dark State of Q. Given this high degree of PQ reduction
‘ no DBMIB in darkness, and taking into account that the equilibrium
constant of electron transfer between @nd PQ may be

quite low (see Discussion), the redox state gfiQdarkness
B C :”-': needs to be considered; the determinatioiNl @iccording to
Eot ‘ eq 1 is correct only when Qis fully oxidized in darkness.
0 Indeed, this appears to be the case, as the data in Figure 2C
— 250 ms show that theF, level was independent of the DBMIB
20 yM DBMIB concentration. Moreover, as will be shown later, Hadevel
was independent of the incubation time with DBMIB (see
C Figure 5). To further check the redox state qf i DBMIB-
35 120 treated cells, we compared tlkg and Fy levels with and
- T o » without incubation with the electron acceptor PPBQ (0.5
e gy 100 mM), followed by addition of 10uM DCMU (data not
shown). These fluorescence levels were unchanggg,sesqf
FM(+ppBQ)= 0.99+0.18 @ = 10), FO(*PPBQ{FO(‘FPPBQ): 1.04
+ 0.16 ( = 10)), indicating that Q is essentially fully
oxidized in darkness under the conditions used. However,
R* (illumination after incubation with DCMU) was signifi-
cantly smaller tharR* ppgg (incubation with PPBQ to fully
b + . ® [ oxidize Q prior to addition of DCMU); the ratio oR*/
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20 40 60 80 during illumination was slowed (the half time increased from
c(DBMIB) / uM 13 to 17 ms after PPBQ treatment, and a slow phase in the

FIGURE 2: (A,B) lllumination of WT cells (grown in Erlenmeyer  Kinetics became much more prominent than in untreated

flasks at 2QuE m™2 s71) in the absence (A) or presence (B) of 20 cells). We interpret these effects of preincubation with PPBQ

/‘hM DBM'lB +5 ml_\ﬁl so_diumdascorbat%. To Obtf";‘i” tﬁﬂ 'E(’j‘gt":  to be due to PPBQ-induced oxidation of the non-heme iron,
the samples were | uminated a second time after the addition o as reported eal’|ier fOI’ artifiCia| quin0n827( 28)

10 uM DCMU, as shown in (A). (C) Effect of the DBMIB . . . )
concentration (in the presence of 5 mM ascorbate) on the apparent _EU'dence for Acity of CYFJ in the Th_y|ak0|d Membrane.
PQ pool size (closed circles, left ordinate) and on the size of the Figure 3A shows an induction curve in the presence of 20

Fo and Fy signal (measured in the presence of 4@ DCMU; uM DBMIB, obtained with WT cells grown photoau-
ohen Smbol, 19 rdnae) The 70 pe 52 s Cadied oophicaly at 204E m * <. Witin 750 ms, th
DBMIB concentration, the pool size is referred to as “apparent”. lorescence reached the same value as in a control experi-
ment (in the presence of DCMU). However, when cells had
The numbeN of available oxidized equivalents in the pool been grown at higher light intensity (1QE m2s™?), a
per PS2 (i.e., twice the number of oxidized PQ molecules) gap in the maximal fluorescence level remained between the
can be determined from a comparison of the relative curve of cells in the presence of DBMIB versus in the
complementary ared®" (which corresponds to one electron presence of DCMU (Figure 3B); despite a fully inhibitory
stored in Q) andRoswis (Which corresponds to the electron  concentration of DBMIB, a fraction dfy remained quenched.

Apparent PQ Pool Size / e per PS2 (@)

o 4

capacity of the whole PQ pool includinga® Additionally, the half time of theFy rise increased (from
about 150+ 50 ms to 220+ 50 ms) under conditions where

Rogmie — R* the full yield of Fy was not achieved.
N T R 1) Figure 3C shows that thé, quenching was more

pronounced for WT cells grown photomixotrophically, being
However, this computation requires a saturating concentra-already apparent in cells grown at 2&E m2 s 1. The
tion of DBMIB; therefore, the effect of the DBMIB  quenching ofFy was still observed when the illumination
concentration oM was titrated (Figure 2C, solid circles, left  period was four times longer and the DBMIB concentration
ordinate). N declines rapidly, the inhibitor constant of five times higher than before (Figure 3C). The dependence
DBMIB is about 1u4M, and concentrations above 20M of this Fy quenching on the culture conditions is shown in
are fully saturating. On the other hand, high concentrations Table 1. An increase in the DBMIB-insensitive quenching
of DBMIB may be deleterious, because oxidized DBMIB of Fy was induced by addition of glucose or increase of the
can also act as an electron acceptor or a quencher oflight intensity during growth.
chlorophyll fluorescence. To exclude such undesired side A possible explanation for quenchingfef in the presence
effects, we used DBMIB in combination with 5 mM of DBMIB is a bypass around cyxf via an alternative quinol
ascorbate to keep it reduced. Under these conditions, nooxidase. A candidate for such a reaction is thehlmjtype
guenching of chlorophyll fluorescence by DBMIB occurs; complex known from the genomic sequencé&ghechocystis
the fluorescence intensity of th&, signal is independent of  6803. The combined action of DBMIB and PCP, an inhibitor
the DBMIB concentration (Figure 2C, open circles, right of cyt bd oxidases ), in fact yielded the full amount dfy
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Ficure 3: (A—D) Fluorescence induction curves for WT cells
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Ficure 4: Fluorescence induction curves for WT and several
mutant strains lacking one or more of the terminal oxidases (Cyd,
cyt bdtype complex; COX, cyt oxidase; Ctall, COX homologue

of unknown function). All strains were cultured at & m2s1

with 10 mM glucose; the illumination time was 1 s. Each panel
shows a pair of induction curves, of which the lower one was
recorded in the presence of 1 DBMIB. The upper curve is
the reference signal and shows the full yieldraf of the sample

under different culture and measurement conditions. lllumination N the presence of 10M DCMU. Quenching ofy was 28+ 10%

for 1 s (A,B) a 4 s (C,D). Each panel shows a pair of curves, of

(n = 14) for WT (A) and 18+ 6% (h = 8) for the ACOX strain

which the lower one was recorded in the presence of the indicated(D)- WT cells in the presence of 50M DBMIB + 1 mM KCN
additions. The upper curve is the reference signal and shows the(G) or 50uM DBMIB under anaerobic conditions (10 mM glucose,

full yield of Fy in the presence of 1M DCMU. Parts C and D
have an expanded scale at the ordinate to show the variatlep in
more clearly. (E) Effect of irradiance intensity during fluorescence
induction in the presence of 50M DBMIB on the rate of Q
reduction (solid circles, left ordinate; obtained from the half time
of Fy rise ask = In 2/t; ;) and the amount dfy quenching (open
circles, right ordinate). Cells in A and B have been grown without
glucose in an airlift fermenter (300 mL) with air enriched in £O
(5%) and cells in €&E with 10 mM glucose in Erlenmeyer flasks
at 20 (C,D) or 5QuE m=2 s71 (E).

Table 1: Quenching oFy in the Presence of 20M DBMIB for
WT Cells Grown under Different Conditiofhs

culture conditions quenching &%,/%

air, no glucose, 20E m2st 2+05M=28)
air, 10 mM glucose, 20E m2 st 214+ 13 (n=16)
air, no glucose, 50E m2st 10+ 9 (n=14)
air, 10 mM glucose, 50E m2 st 284+ 10 (nh=14)
air + 5% CQ, no glucose, 2@E m2s™? 3+02n=4)
air + 5% CQ, no glucose, 100E m2st 22+2(n=4)

2 The illumination period was 1 s.

400 U/mL catalase and 24 U/mL glucose oxidase) (H) lacked
measurablé-, quenching under our experimental conditions.

dependent PQ reduction via PS2 and a light-independent
PQH, oxidation by a quinol oxidase.

We also investigated deletion strairisl) lacking one or
more of the oxidases. The results (Figure 4) support the
assumption that thEy quenching can be attributed specif-
ically to the cytbd-type oxidase: No strain lacking this
complex (parts B, C, E and F of Figure 4) showed the marked
Fv quenching observed in WT, while deletion of COX did
not remove the effect (Figure 4D). In additional support of
our attribution ofFy quenching to quinol oxidase activity,
in the presence of both DBMIB and KCN, which is an
inhibitor of all respiratory oxidases i8ynechocysti§803,
guenching was not observed (Figure 46).quenching also
was absent in the presence of DBMIB under anaerobic
conditions (Figure 4H).

The kinetics of PQ reduction in WT cells in darkness were
investigated by variation of the DBMIB incubation time

(compare parts C and D of Figure 3), while PCP alone had before the induction measurement (Figure 5). For cells grown
no significant effect (not shown). Figure 3E shows the effect photoautotrophically (5@E m™2 s™, ambient CQ concen-

of varying the irradiance during fluorescence induction of
photomixotrophically grown cells in the presence of DBMIB.
The rate of Q reduction (obtained from the rise time of
Fv) correlated linearly with light intensity. At the same time,
the amount ofFy, quenching declined to zero at high

tration, triangles in Figure 5), the PQ pool became transiently
reduced within about 30 s and returned slowly to a more
oxidized state at longer times. For cells cultured in the
presence of 10 mM glucose (Figure 5, squares) or at elevated
CO; concentration (Figure 5, circles) the PQ pool was less

irradiance. This agrees with the concept that the balance ofreduced. However, under these culture conditions, a signifi-

two rates determines the steady-state levelFafa light-

cant contribution of Cyd occurred (see Figure 3 and Table
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Ficure 5: Determination of the apparent PQ pool size and redox
state of Q as a function of the incubation time with 3 DBMIB

and 5 mM ascorbate. The different symbols indicate the following
growth conditions: &/A) Erlenmeyer culture without additions;
(m/O0) Erlenmeyer culture with 10 mM glucose®/O) airlift
fermenter aerated with ait 5% CQO.. In all cases, the incident
light intensity during growth was 5@E m2 s The PQ pool
size was calculated using eqN reflects the actual pool size only
in the absence of PQtbxidation not involving cytf (i.e., when

no significantFy quenching occurs); therefore, the pool size is
referred to as “apparent”. For clarity, no error bars are shown; the
standard deviation oN is in the range of+ 2 e for all
measurements and abatt10% for R*.

150 180

Table 2: Effects of Inhibitors on Oxygen Consumption of Whole
Cells (at 15uM chlorophyll) in Darkness

strain measurement conditions rate of respiration (%)
WT 20uM DBMIB + 5 mM ascorbate 18 3

1 mM PCP 89+ 4

5mM KCN 2+1
ACyd 20uM DBMIB + 5 mM ascorbate 52

1 mM PCP 104+ 6

a Cells were cultivated at 56E m™2 s~ with 10 mM glucose. Each

Berry et al.
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Ficure 6: Routes of electron transfer and sites of action for
different inhibitors in the thylakoid membrane 8f/nechocystis
6803. For details, see Discussion.

pPep cyt bd —|—> O,

KCN

and 4 and Table 1), despite saturating concentrations of the
cyt bef inhibitor DBMIB and a sufficiently long illumination
period. Oxidized DBMIB is a quencher of PS2 fluorescence,
but DBMIB was reduced by a large excess of ascorbate and,
according to Figure 2C, the quenchingFef was not caused

by DBMIB itself. The most plausible explanation for the
observed phenomenon is the inducible activity of a quinol
oxidase near PS2 (i.e., presumably in thylakoids), providing
an alternate route for electrons. The putative logttype
quinol oxidase fromSynechocysti§803 is by far the best
candidate for this activity, as PCP, which is an inhibitor of
cyt bd oxidase 9), in combination with a cybsf inhibitor
could completely suppress PQMxidation and induce the
full yield of Fy (Figure 3D). This was confirmed by the
observation of a fulFy yield in the presence of both DBMIB
and KCN (inhibiting all terminal oxidases) (Figure 4G) and
in the presence of DBMIB under anaerobic conditions
(Figure 4H). Moreover, studies on oxidase deletion strains
(11) further supported our interpretation. The signals from
Cyd-less strains in the presence of DBMIB resemble those
from WT in the presence of DBMIB- PCP (Figure 4B

F). While expression and activity of the dyt-type complex

rate was determined using three independent cultures. The control ratehave already been shown®ynechocysti§803 @, 11—-13),

for each strain (in the range of 3@0 umol O, (mg Chly* h™2) was
set to 100%.

localization and function of this complex are still contro-
versial. In refll, a genetic approach was used, and the

1); therefore, the PQ pool size cannot be precisely determinedauthors concluded that Cyd was located only in the cyto-

using eq 1.

The effects of DBMIB and PCP on respiration were tested
in cells grown at 5tE m~2 s7* in the presence of glucose
(Table 2). While, in the presence of 20M DBMIB, the
respiratory rate of the WT declined to 18% of the control, it

plasmic membrane. The data presented here, indicating a
localization in the thylakoid membrane, are not necessarily
in contradiction to refL1, because the activity level of Cyd
strongly depends on culture conditions. Moreover, a crucial
experiment in refl1 was the measurement of the decay rate

remained at 89% in the presence of 1 mM PCP. This showsof Q4™ in darkness after reduction of the PQ pool by light.

that the cythsf complex provided the major route for PQH
oxidation. Oxygen consumption in th&Cyd strain was
insensitive to PCP, indicating that this inhibitor acts specif-
ically on the cytbd-type complex. As expected, DBMIB
suppressed virtually all oxygen uptake in th€yd strain.

DISCUSSION

This rate was not changed in the Cyd deletion strain
compared to WT, and it was concluded that thelmtype
complex does not oxidize PQHand indirectly, Q™) in
thylakoids. However, the activity of the alternative oxidase
was monitored against a high-background activity of COX,
which could mask minor changes induced by deletion of Cyd,
especially because a slight increase of byft (or COX)

Fluorescence spectroscopy is a valuable method foractivity in the deletion strain might compensate for the loss

studying photosynthesis, and its potential for investigating

of the cytbd-type complex.

the PQ pool in cyanobacteria was demonstrated two decades We recently analyzed light-induced proton translocation

ago in Synechococcusp. (L4, 15). In this report, we used

in whole cells ofSynechocysti6803 using fluorescent pH

this method to investigate the redox reactions around the PQindicators 29). Acridine Yellow monitors ATP-driven proton

pool of Synechocysti§803, focusing on the contributions
of respiratory reactions. Figure 6 shows a model of the

extrusion at the cytoplasmic membrane; this process is
indirectly light-dependent, because it consumes ATP gener-

electron transport routes and sites of inhibitor action, basedated at the thylakoid membrane. In the presence of DBMIB,

on both the results of this report and published data.
Localization of Cyd in the Thylakoid Membrargeveral
experiments showed a residual quenching-ef(Figures 3

a residual signal in the range of 20% of the control remained
(29), which probably indicates ATP production utilizing the
pH gradient formed across the thylakoid membrane by
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electron transfer from PS2 to the quinol oxidase@H— was also increased at higher light intensity, which gives rise
PS2— PQ— Cyd — O,). Another dye, Acridine Orange, to a more oxidized PQ pool, due to the high PS1/PS2
monitors directly the light-induced acidification of the lumen. stoichiometry inSynechocysti6803.

Using this dye in the presence of DBMIB, a similar decline  The pranching of electron transport chains via multiple
of the luminal signal to about 20% of the control value was yidases is observed in many organisms. Cytochrthe
observed, and as expected, for both dyes, the Iight-inducedcommexeS are widespread among bacte3#-@8), and in
signals were completely absent upon combined use of jight of the cyanobacterial ancestry of plastids, the presence
DBMIB and PCP (Berry, S., Teuber, M., and gter, M., of such a complex in chloroplasts would make seris®, (
unpublished data; experimental details as in2@f These ¢ no evidence for this has been presented so far. Mito-
data indicate that electron transport from PS2 to'Cyc'i ¢an chondria from protozoa, fungi, and plants contain a cyanide-
make a small but, nevertheless, detectable contribution jnsensitive alternative oxidase (AOX) with a di-iron center
proton pumping across the thylakoid membrane, and they 54 cofactor39—45). A homologue of AOX termed IMMU-
support the conclusions based on chlorophyll fluorescencetans has recently also been identified in plastids from
presented here. Data on the flash-induced turnover of cyt Arabidopsis thalianand Chlamydomonas reinhardt{42,

also provide evidence for the presence of an oxidase in4g) pjastidal AOX is involved in the oxidation of plasto-

thylakoid membranes, which competes with the byt quinol in algae and higher plantdg, 47) during chlorores-

complex for electrons from plastoquindZ, 30). . piration @8). This pathway seems to provide an electron sink
In addition to the strong dependence of Cyd activity on {4 carotenoid desaturation and is particularly active in

culture conditions, we have observed fluctuations in the growing cells and tissued9, 50). The cytbd-type complex
apparent redox state of the PQ pool after different incubation 4y fyifill an analogous role in cyanobacteria, and in this
intervals of the cells with DBMIB (Figure 5). Such fluctua-  yegpect, it is interesting that Cyd activity increases when an

tions in the PQ redox state may be interpreted as temporalgyarna| energy supply (glucose or increased light intensit
variations in the activity of Cyd or the dehydrogenas8s ( 4.celerates C%)ﬁ grg\a)n%\.(g g )

According to Figure 5, the redox state of the PQ pool was . L - .

most reduced 1530 s after DBMIB/ascorbate addition but AO),( from plant mﬂochoqdna Is specifically Qctlvated.by
recovered thereafter. This may be explained by a rerouting ©'9anic acids1-53), and it seems that a major function
of electrons to the cybdtype complex when COX is of plant AOX is the.adjust.ment qf the mgtgbollg turnover of
inhibited: this explanation is also supported by investigations CaPon skeletons, in particular in the citric acid cyol&,(

of respiration using an oxygen electrode (Pils, D., and 44).' In line with this hypothesis, plant AOX can operat_e at
Schmetterer, G., personal communication). This short-term & Nigh rate, even when the cpti/cyt c/COX pathway is
effect obviously involves activation of Cyd which is already not sat.urated, |nd|cat!ng that th? state of the “.b'.q“'”"r!e pool
present in the cells. The response at the level of de novo&/0ne is not the crucial regulating factetd. Similarly, in
protein synthesis is expected to be much slower. Indeed, Synechocystig803, the activity of the alternative pathway
incubation of photoautotrophically grown cells with 10 mM ~ PPears to be coupled to the metabolic activity of the cell,
glucose for upa 2 h did not increase the amount B§ which may be increased by either high light intensity or the
quenching (data not shown): the differences between cultures®Xtérnal supply of glucose.

+ glucose, as presented in Table 1, became obvious only Equilibrium between @ and PQ.In contrast to higher
about 24 h after the addition of glucose. plants, the PQ pool of cyanobacteria is partially reduced in
In addition to COX and Cyd, the genome®§nechocystis  the dark by respiratory dehydrogenases. When thebgfyt
6803 contains thestall genes encoding a third oxidase. complex was inhibited by a saturating concentration of
Presently, it is not yet clear whether this oxidase uses PQH DBMIB (Figure 2C), the number of oxidizing equivalents
or cytc as its direct electron donor. If it is active under the in the PQ pool after dark incubation was about 2 PQ/PS2
conditions of our experiments, it does not serve as a quinol for cells grown photoautotrophically. This corresponds to
oxidase in thylakoids; in a double mutant lacking both COX about 80% pool reduction, assuming 10 PQ/PS2 (published

and Cyd (Figure 4F), there was no significant quenching of data indicate about & 2 PQ/PS2 for cyanobacterid4,
Fv, indicating that Ctall did not oxidize PQHh thylakoids 26, 54) and 9+ 3 for higher plants §5—62)). A similar
at a significant rate. This is in agreement with recently value of 3 oxidizing equivalents per PS2 was found for
published results1@), which indicate that Ctall acts as a Synechococcusp. (L5). In this organism, however, the PQ
cyt c oxidase and is located exclusively in the cytoplasmic pool was readily oxidized by aeration in the dark for less
membrane. than 2 h; this treatment depleted the cell's storage of reducing
Physiological Role of the Alternag Pathway for Plas-  equivalents. In contrasGynechocysti$803 shows much
toquinol Oxidation As observed for other components of longer respiration in darkness; the yield of variable fluores-
the cyanobacterial thylakoid membrargd{33), the content cence upon illumination was higher after a 6-h dark incuba-
of Cyd seems to be regulated in response to environmentaltion, and the value oRpgmis declined to 80%, as compared
factors, because the amount Bf quenching depends on to light adapted cells (not shown). Both effects indicate a
culture conditions (Figure 3 and Table 1). Presence of rather reduced state of PQ, even afieh in darkness. This
glucose in the growth medium, which should facilitate the coincides with results from other groups; in one stu@$)(
reduction of the PQ pool via the respiratory dehydrogenases,it was necessary to dark incub&gnechocysti€803 for 32
increased the activity of the cytd-type complex in thyla- h to eliminate respiration. Likewise, the cellular ATP level
koids: For this reason, it is plausible that one function of remained at 98100% of the light-adapted control after 6 h
this complex is to prevent over-reduction of the pool. This, dark incubation and at 6680% after 24 h dark incubation,
however, cannot be the only role of Cyd, because its activity indicating that respiration remained activ&b).
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Because there is evidence for a low equilibrium constant

between PQ and Qin whole cells ofSynechocysti§803

(7) and in pea thylakoidss@), a high degree of PQ reduction

might give rise to a concomitant reduction of (As shown

in the Results section, no evidence for a partially reduced

dark state of Q was found for DBMIB-inhibited cells using

the artificial electron acceptor PPBQ. Furthermore, the redox
state of Q was independent of the DBMIB concentration
(at a constant incubation time of 2 min; Figure 2C) and of

the incubation time (at a constant concentration oi«»0
Figure 5). However, when both chtf and the cytd-type

complex were blocked by a combination of DBMIB and
PCP, the degree of PQ reduction increased even more (Figure

3D), and also, @ became partially reduce®&* declined to

52 £ 12% (h = 9) as compared to the value without PCP,
andN was 0.42+ 0.22 f = 9) (data not shown; the same

effect occurred in the presence of DBMBKCN or in the

presence of just DBMIB under anaerobic conditions). These

figures indicate an approximate 50% reduction @f&about

98% reduction of PQ, compatible with an equilibrium
constant in the range of 50. The theoretical value can be

calculated from the redox potentials. Fora,Qthere is

considerable variation in the published data, with the most

reliable value seeming to €,(Qa) = —80 mV (65). For

PQ around neutral pH, the literature data are in the range of 19

En(PQ)= +80 to+110 mV (6, 62, 66—73). On the basis
of such a large potential differenc&eq should be much

a lowKeq (7, 64). On the basis of our results, an operational

AEn of Qa/PQ of about 100 mV is expected.

Conclusions(1) By fluorescence induction measurements,

the alternative quinol oxidase of the dyd-type was shown

to participate in electron transport in thylakoid membranes
of Synechocysti6803, and we could show that the activity
of this enzyme is dependent on the culture conditions. (2) A
key function of this complex in the thylakoid may be to
prevent overreduction of the PQ pool under stress conditions.
Besides this, the cyid-type complex may also be involved
in other physiological functions, similar to the alternative
oxidase in fungal and plant mitochondria and the IMMU-
TANS protein in plastids from green algae and plants. (3)
PQ can become significantly reduced in the dark; the
equilibrium constant betweensand PQ was estimated to
about 50, which is significantly lower than expected from

published redox potentials.
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