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In contrast to eukaryotes, most cyanobacteria contain several
isoforms of the Rieske iron-sulfur protein, PetC, resulting in
heterogeneity in the composition of the cytochrome b6f com-
plexes. Of three isoforms in the mesophilic cyanobacterium
Synechocystis PCC 6803, PetC1 is the major Rieske protein in
the cytochrome b6f complex, whereas the physiological function
of PetC2 and PetC3 is still uncertain. Comparison of wild type
and various petC-deficient strains under selected light condi-
tions revealed distinct functional differences: high-light expo-
sure of wild type cells resulted in a significantly enhanced petC2
transcript level, whereas a �petC1 mutant showed a low cyto-
chrome b6f content, low electron flux, and a considerably
increased accumulation of cytochrome-bd oxidase. In contrast
to wild type and �petC1, �petC2 and �petC3 strains still grew
fast under high-light conditions although all three Rieske pro-
teins are required for maximal electron transport rates.
Although the presence of PetC3 appears to be required for acti-
vation of the cyclic electron transport, state transitions were
more effective in the absence of PetC2 and/or PetC3. In sum-
mary, our data suggest defined roles of the various PetCproteins
in short- and long-term light adaptation.

In cyanobacteria the cytochrome b6f complex is a shared
component of the linear electron transport from water to
NADP�, of all types of cyclic electron transfer around photo-
system 1 (PS1),3 and of most types of pseudocyclic electron
flows fromwater to themolecular oxygen (1–3). Therefore, this
complex has a central and essential role in the complex cya-
nobacterial electron transport network (2). In general, the cyto-

chrome b6f complex catalyzes plastoquinol (PQH2) oxidation
and plastocyanin/cytochrome c6 reduction and translocates
protons across the thylakoid membrane (for recent reviews see
Refs. 4–8).
Although linear photosynthetic electron transport from PS2

via cytochrome b6f to PS1 results in both NADPH production
and generation of a proton gradient (�pH) across the thylakoid
membranes, cyclic electron flow(s) around PS1 establish(es)
only a �pH, which is subsequently used for ATP generation.
Thus, depending on the environmental (stress) and/or physio-
logical conditions, the ATP:NADPH ratio can be adjusted to
the required levels by tuning the cyclic-to-linear electron trans-
port ratio. Beyond this, a redox poise of the PQ-pool via the
cyclic/linear electron transport ratio adjustment is essential for
both maximal light energy utilization and protection against
photodamage or other types of stress (9–14). The dominant
short-term (minutes) light-adaptation process in chloroplasts
and cyanobacteria, by which the distribution of excitation
energy transfer between the twophotosystems is controlled, are
the so-called state transitions (15, 16). By definition, in state I
and state II the photosynthetic apparatus gives an optimal
quantum yield of photosynthesis in light having a composition
favoring its absorption by PS1 or PS2, respectively (17, 18). In
the green algaChlamydomonas reinhardtii state transitions are
associated with a switching mechanism between linear and
cyclic electron flow. Although state I, the light harvesting com-
plex II (LHCII) is associated mainly with PS2 and is dominated
by linear electron transport, state II with PS1-associated LHCII
is governed by the cyclic one (18–20). In chloroplasts, state I to
state II transition correlates with the activation of a kinase,
which phosphorylates the LHCII leading to its lateral redistri-
bution in favor of PS1. This activation is initiated by PQ-pool
reduction and PQH2 binding to the Qo site of the cytochrome
b6f complex (21–23), which is suggested to result in a confor-
mational change of the Rieske protein, a cytochrome b6f core
subunit, and finally leading to kinase activation (18, 23–25).
Despite analogies to higher plants, the exactmechanismof state
transitions in cyanobacteria is still under debate (for reviews,
see Refs. 26 and 27). Onemajor difference between chloroplasts
and cyanobacteria is that instead of the membrane integral
LHCII, the soluble light-harvesting phycobilisomes (PBS) cap-
ture light in cyanobacteria. They are located on the cytoplasmic
surface of thylakoid membranes (28, 29) and transfer energy
directly to the photosystems (30). Different from higher plants
and green algae, cyanobacteria are in state I upon illumination
and in state II in the dark or in very low light due to the respi-
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ratory electron flow reducing the PQ-pool (31, 32). According
to available data, in cyanobacteria both the relative energy
transfer from phycobilisomes to photosystems and the distri-
bution of the absorbed light energy are regulated by state tran-
sitions, although the components of the regulatory signal cas-
cade are essentially not known (26). Although no Rieske
protein-mediated kinase activation has been described in cya-
nobacteria, it is assumed that the triggering mechanism is sim-
ilar in cyanobacteria (26). Thus, besides its above described
central function in electron transport and energy transduction
processes, the cytochrome b6f complex can also be involved in
regulating excitation energy distribution between PS1 and PS2
(4, 18, 20–26), as well as in an assembly mediated control of
protein synthesis (25). Experimental data indicate that the
Rieske iron-sulfur protein plays a key role in both processes.
Rieske iron-sulfur proteins are essential functional subunits

of the cytochrome b6f complex. The Rieske protein binds a
redox-active [2Fe-2S] center close to the p-side of the mem-
branes and carries electrons in the high-potential branch of the
bifurcated electron transport chain of the complex (4, 5, 7, 8).
The cytochrome b6f monomer consist of four large (17.5–32
kDa) core subunits, cytochrome f (PetA), cytochrome b6 (PetB),
the Rieske iron-sulfur protein (PetC), and subunit IV (SU IV,
PetD), as well as four additional small (3.3–4.1 kDa) subunits,
PetG, PetL, PetM, and PetN (7, 33). Except for PetL and PetM
all subunits are required for a functional cytochrome b6f com-
plex (34, 35). Besides these bona fide subunits additional weakly
associated subunits are also reported (36, 37). The PetC
(Rieske) protein has a single N-terminal located transmem-
brane helix followed by a mobile, water-soluble domain with
the [2Fe-2S] cofactor binding regions, which extends into the
thylakoid lumen. The �-helix and the soluble domain are con-
nected by a flexible “hinge” region.
In the genome of eukaryotes and in some cyanobacteria the

cytochrome b6f complex Rieske protein is encoded by a single
petC gene. In contrast, in most cyanobacteria several Rieske
isoforms exist, which are encoded by a petC gene family (for a
review, see Ref. 38). The Synechocystis PCC 6803 genome con-
tains three petC genes, petC1 (sll1316), petC2 (slr1185), and
petC3 (sll1182) (39), which encode corresponding Rieske pro-
teins PetC1, PetC2, and PetC3, respectively. Although PetC1
and PetC2 show high sequence identity, PetC3 differs signifi-
cantly. In vivo analysis of petC gene-deficient mutant strains
have indicated that PetC1 is the major Rieske iron-sulfur pro-
tein in Synechocystis PCC 6803 (40). Moreover, PetC3 has a
much lower midpoint potential (�135 mV) than PetC1 and
PetC2 (300–320mV), suggesting that different electron donors
have to reduce PetC3 (41). In Nostoc sp. PCC 7120, the PetC4
protein, which has a high sequence similarity to PetC1 and
PetC2, has a role in nitrogen fixation and/or heterocyst forma-
tion and is also proposed to be a redox sensor (38). However,
despite these suggestions, the physiological significance of petC
multiplicity in cyanobacteria remains unclear.
In the present report we analyze low- and high-light-treated

wild type (WT) and petC-deficient Synechocystis PCC 6803
strains on the transcript, the protein, and on a functional level
to assign specific functions to the three different PetC proteins
in light acclimation and electron transport processes. We

observed alterations in cell growth of different �petC mutant
strains under high-light conditions. Our experiments also
revealed various effects of the individual Rieske proteins on
photosynthetic electron transport and the distribution of exci-
tation energy between the two photosystems. Furthermore,
accumulation of petC2mRNA in WT cells as response to high
lightwas shownby real time quantitative PCR (qPCR). Based on
these results, we discuss the potential roles of the Synechocystis
PetC1, PetC2, and PetC3 in regulation and light adaptation and
propose a functional model with regulatory pathways.

EXPERIMENTAL PROCEDURES

Growth Conditions—Construction of single and double petC
deletion (�petC) strains from Synechocystis PCC 6803 is
described in detail in Ref. 40. Synechocystis WT and mutant
strainswere grown inBG-11medium (42) at 30 °C in glass tubes
bubbled with 5% CO2-enriched air. Liquid medium for cultur-
ing �petC1, �petC2, and �petC3 strains as well as agar plates
were supplemented with 30 �g/ml of chloramphenicol, 100
�g/ml of spectinomycin, or 50 �g/ml of kanamycin, respec-
tively. The culture medium for double mutants contained both
corresponding antibiotics. Low-light (LL, 40 �mol photons
m�2 s�1) and medium to high-light (HL) illumination (100–
650 �mol photons m�2 s�1) were provided by white fluores-
cent and halogen lamps, respectively. Photon flux densities
were determined with a QRT1 light meter (Hansatech).
Pigment Analysis—Pigment concentrations of the cultures

are given per cell number with cell densities determined with a
Z2Coulter counter (BeckmanCoulter, Fullerton, CA). Absorp-
tion spectra were recorded by a Hitachi U-3000 dual-beam
spectrophotometer equippedwith a 60-mm integrating sphere.
Phycocyanin and chlorophyll concentrations were determined
according to Ref. 43, and the phycocyanin/allophycocyanin
ratio as in Ref. 44.
RNA Preparation and Quantitative PCR—10-ml cultures of

WT cells were harvested at A730 � 0.2 by centrifugation
(6000 � g, 4 °C, 10 min), suspended in 1 ml of diluted 1:4 RNA
Protect Bacteria Reagent (Qiagen) in Tris-EDTA buffer (TE),
and subsequently incubated on ice. Upon washing with TE
buffer cells were suspended in 1 ml of saturated sodium iodide
solution and subsequently washed twice with TE buffer. The
cells were disrupted with glass beads in 350 �l of RNeasy lysis
buffer (Qiagen) using aMini-Beadbeater (Biospec). Isolation of
total RNA was accomplished using the RNeasy mini kit (Qia-
gen) according to the manufacturer’s instructions. The
obtained RNA was treated with 2 units of TURBO DNase
(Ambion) for 20 min at 37 °C to remove DNA contamination,
and the reaction was subsequently terminated by addition of
the DNase inactivation reagent (Ambion). 1 �g of purified
RNA was used for cDNA synthesis using a Quantitect
reverse transcription kit (Qiagen) according to the manufac-
turer’s instructions.
cDNA synthesis was followed by real time qPCR in a DNA

Engine Opticon 2 Real-time PCR Detection System (Bio-Rad),
using 20 �l of reaction mixture supplied by the qPCR Core kit
for SYBR� Green I (Eurogentec) containing 250 nM primers.
The following primers were used for amplification: petC1F (5�-
CCAGTACAACGCTGAAGGT-3�) and petC1R (5�-CCAGG-
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TGCTGAGCACTAAT-3�) for petC1; petC2Fneu2 (5�-CCGT-
CGTCAATTACTCAACT-3�) and petC2Rneu2 (5�-TTGGC-
AATAATGCCTCCTC-3�) for petC2; petC3F (5�-AGTAACG-
GCCAAGGACAA-3�) and petC3R (5�-CGCACTAATCTGG-
CCACTA-3�) for petC3; rnpBF (5�-GAGAGTTAGGGAGGG-
AGTTG-3�) and rnpBR (5�-GTCAGTTACCAGTTAGTC-
AGC-3�) for rnpB. 40 cycles with a 15-s incubation at 95 °C and
a 1-min incubation at 60 °C were applied. Changes in the
mRNA levels were determined by relative quantification (45,
46). Threshold cycle numbers (Ct), real time PCR efficiency (E),
and relative expression ratios were calculated using Opticon
Monitor 2.02, LinRegPCR (47), and the Relative Expression
Software Tool (REST�) (48), respectively.
SDS-PAGE and Western Blot Analysis—45 ml of WT and

�petC cells were harvested at A730 � 0.2 and dispersed in 75 �l
of SDS-PAGE loading buffer. Cells were broken by vortexing
with glass beads and a subsequent 15-min sonication (Brande-
lin Sonorex, Berlin, Germany) at 4 °C, followed by a 5-min incu-
bation at 95 °C. After centrifugation, the supernatant was col-
lected and stored at �20 °C until use. 5 �l of supernatant was
separated by SDS-PAGE on a 12% SDS gel (49) and blotted on a
polyvinylidene difluoride membrane. PetC1/2/3, cytochrome f,
cytochrome b6, SU IV, as well as the CydA subunit of the cyto-
chrome-bd oxidase were detected by immunoblotting using
polyclonal antibodies (37, 41). The PetC2 and CydA antibodies
was raised against synthesized peptide fragments DQIFISP-
WTDLDPRTGEKP (Iwaki, Tokyo, Japan) and KLAAMEAL-
WETVPA (Davids Biotechnologie, Regensburg, Germany),
respectively. The rabbit primary antibodies and the goat anti-
rabbit IgG alkaline phosphatase-conjugated secondary anti-
body (Sigma) were used at dilutions of 1:2500 and 1:25000,
respectively. Membranes were incubated with nitro blue tetra-
zolium chloride and 5-bromo-4-chloro-3�-indolyl phosphatase
p-toluidine salt (Roche) at room temperature to visualize cross-
reacting protein bands. Band intensities for protein quantifica-
tion were established using ImageJ.
Measurement of State Transitions—State transitions in WT

and mutant cells were monitored by two distinct methods.
Although low temperature fluorescence emission spectra were
recorded after PBS excitation as described previously (37),
chlorophyll fluorescence transients at room temperature
were measured in a Dual-PAM-100 measuring system
(Heinz Walz GmbH) by adapting the method of Kovács and
co-workers (50) to cyanobacteria. State I to state II and state
II to state I transitions were induced by switching off and on
PS1 light, respectively. PS1 was selectively excited by far red
(FR) light using 730 nm LEDs of the DUAL-E measuring
head set to their maximal light intensity (�40 relative units).
300-ms saturating pulses (I � 10000 �mol photons m�2 s�1)
were applied in state I and state II to probe the FmI and FmII

fluorescence levels, respectively.
P700� Reduction Kinetics and Quantification of the Linear

and Cyclic Electron Transport Rates—P700� reduction kinetic
decays in LL- and HL-adapted cells were recorded with a dual
PAM-100measuring system at a chlorophyll concentration of 5
�g/ml as described in Ref. 51. Complete P700 oxidation was
achieved by 100-ms saturating pulses (I� 10000�mol photons
m�2 s�1). Averages of three individual traces were taken. Rate

constants (k) in the absence or presence of linear and/or (direct)
cyclic electron transport inhibitors, 3-(3�,4�-dichlorophenyl)-
1,1-dimethylurea (DCMU) and methyl viologen (MV), respec-
tively, were determined by fitting the decays by single exponen-
tial functions. The linear and cyclic electron transport activities
were quantified as the differences of certain rate constant com-
binations. Although the rate constant of the linear electron
transport was considered to be the mathematical difference of
the rate constants determined in non-treated and DCMU-
treated samples, the direct cyclic electron transport was calcu-
lated as difference of the corresponding k values of non-treated
and MV-treated samples. Note that the direct cyclic electron
transport may consist of several parallel individual routes (3),
which were not distinguished.

RESULTS

Pigment andProteinComposition—Up tonow the physiolog-
ical function of petC heterogeneity in cyanobacteria is essen-
tially not understood. Usually, the construction of knock-out
strains is a highly valuable standard method to elucidate the
potential in vivo function of such proteins. The generation of
�petC Synechocystis strains has been reported recently (40),
and it has already been shown that electron transfer is modified
at least in the �petC1 strain and that PetC2 can partly replace
the major Rieske protein PetC1. However, it is unknown
whether the absence of PetC1 (or the other PetC isoforms)
influences pigment compositions in the cells or affects the
expression, accumulation, or stability of the cytochrome b6f
complex. To test these issues, we analyzed the chlorophyll, phy-
cocyanin (PC), and allophycocyanin (APC) contents as well as
the accumulation of the four large cytochrome b6f complex
core subunits (including all three PetC isoforms) in WT and
various �petC strains (Figs. 1 and 2A). Absorption spectra of
WT and the three petC single deletion mutants are shown in
Fig. 1. All strains have the typical major chlorophyll absorption
peaks at 439 and 679 nm and a PBS absorption peak at 625 nm.
The PC/chlorophyll ratio is very similar in WT, �petC1, and

FIGURE 1. Absorption spectra of WT (solid line) and petC-deficient Syn-
echocystis PCC 6803 strains (�petC1, dashed; �petC2, dash-dotted;
�petC3, dotted). Spectra are normalized to the absorption peak at 679 nm.

Multiple PetCs and High-light Adaptation

OCTOBER 9, 2009 • VOLUME 284 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 27877



�petC3 strains (Table 1), whereas it is significantly lowered in
the �petC2 strain. Noteworthy, by light microscopy we
observed that the �petC3 cells are considerably bigger (3.4 ver-
sus 2.7 �m) when compared with the WT or to the other dele-
tion strains. This increased cell size results in increased chloro-
phyll and PC content per cell (Table 1), although the
PC/chlorophyll ratio is similar to that for WT cells. Further-
more, the ratio of PC to APC is about the same in all but the
�petC1 strain (Table 1). This indicates an unchanged protein
composition of the light harvesting PBSs in the absence of
petC2 or petC3 genes and a decrease in size of the PBS rod
complexes upon petC1 deletion.
Expression of the individual PetC isoforms in the various

strains as well as expression of the other three cytochrome b6f
complex core subunits was tested by immunoblot analysis (Fig.
2A). Although all three PetC isoforms are expressed in theWT
strain (see below), only PetC1 and PetC3 were detected by
immunoblot analysis. The cellular content of PetC1 and PetC3
is similar in theWT and mutant strains where the correspond-
ing genes are not deleted (Fig. 2A). Because the amount of the
other three large cytochrome b6f subunits in �petC2 and
�petC3 strains were similar toWT cells (Fig. 2A) a comparable
cytochrome b6f complex population size can be assumed in
these mutant strains. However, the protein profile in the
�petC1 strain is quite different when compared with WT cells

and other mutant strains. First,
expression of the PetC2 protein was
only detected in this strain by
immunoblot analysis. Second, this
mutant also showed a drastic
decrease of accumulated cyto-
chrome f and SU IV (Fig. 2A) indi-
cating a defect in formation of func-
tional cytochrome b6f complexes
upon deletion of petC1. As an
increase in the cytochrome-bd oxi-
dase activity in the �petC1 strain
had already been observed (35, 40),
we also tested the expression of the
major cytochrome-bd oxidase sub-
unit I (CydA) both inWTand�petC
strains (Fig. 2A): whereas CydA was
essentially undetectable by immu-
noblot analysis in WT, �petC2, and
�petC3 strains, its expression was
dramatically increased in the
�petC1 strain. This is in good agree-

ment with earlier observations of a significantly increased cyto-
chrome-bd oxidase activity in the �petC1 strain (40). Most
likely, due to cytochrome b6f complex deficiency in the �petC1
strain, cytochrome-bd oxidase has to partly take over the role of
the cytochrome b6f complex in PQH2 re-oxidation to keep elec-
tron transport and energy transduction efficient, i.e. to keep the
cells alive.
Effect of Light Conditions on Growth Rates of WT and petC-

deficient Synechocystis Strains—Although Synechocystis �petC
single and double deletion strains have already been initially
characterized (40), these results reflect only cells grown under
LL growth conditions. To investigate the effect of light inten-
sity, these mutant cells were grown under LL for 1 day followed
by HL illumination for 30 h and a subsequent reset to the LL
regime. In agreement with our previous results (40), WT,
�petC2, and �petC3 strains showed approximately the same
growth rates, whereas the �petC1 strain grew significantly
slower under LL growth conditions. Upon switching fromLL to
HL, the �petC1 cells died and the cultivation was discontinued
(Fig. 2B). HL also had a severe impact on the viability of WT
cells (Fig. 2B), slowing down its growth rate gradually to zero
during the first 6 h of HL illumination. These cultures returned
to normal growth under LL conditions. In contrast,�petC2 and
�petC3 strains showed constant growth during the continuous
30-h HL, similar to the �petC2/C3 double deletion strain (data
not shown). A WT strain with an intact genome should typi-
cally not be less resistant against light stress than knock-out
strains, these results could indicate that the petC2 and petC3
gene products are involved in regulatory processes, which
might protect the organism against photo-damage.
High Light Induces an Elevated petC2 Gene Expression—To

further elucidate the role of the various petC gene products in
light acclimation we examined the effect of high light on the
mRNA expression level of the three petC genes in Synechocystis
PCC 6803WT by qPCR. For these experiments, the expression
of the rnpB gene, which is independent of light intensity (52),

FIGURE 2. A, immunological analysis of WT and petC-deficient Synechocystis PCC 6803 strains using antibodies
against the major subunits of the cytochrome b6f complex (cytochrome f, cytochrome b6, and SU IV) and CydA.
B, effects of HL on growth rates of WT and �petC mutants. Cultures with identical initial optical densities have
been exposed to LL for 28 h, followed by HL illumination for 30 h, and then by LL again. Error bars indicate the
S.D. of three to five independent experiments.

TABLE 1
Pigment composition of Synechocystis PCC 6803 WT and petC single
deletion strains
Cells were grown under LL. Data are expressed as mean � S.D. (n � 3). Determi-
nation of the various parameters and ratios is described under “Experimental
Procedures.”

Strain Chlorophyll/10 cells PC/10 cells PC/chlorophyll PC/APC

�g �g �g �g
WT 3.8 � 0.5 25 � 4 6.6 � 0.3 3.6
�petC1 4.5 � 0.8 26 � 7 5.6 � 0.6 1.4
�petC2 4.0 � 1.3 20 � 8 4.8 � 0.5 3.4
�petC3 7.4 � 1.4 46 � 10 6.2 � 0.3 3.0
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was used as the internal control. In qPCRanalysis, the threshold
cycle number (Ct) is the fractional PCR cycle number, at which
the emitted fluorescence exceeds the fixed threshold (back-
ground) fluorescence, i.e. a higher initial amount of a specific
mRNA in a given sample results in an earlier detection in the
PCR as fluorescence increase. Therefore, a lower Ct value
reflects a higher expression of a certain gene. Ct values for the
petC1, petC2, petC3, and rnpB genes in LL-adapted samples
were 21.25� 0.90, 31.34� 1.85, 24.83� 1.01, and 17.12� 1.15,
respectively, whereas the corresponding values in cells illumi-
nated byHL for 90minwere 19.70� 0.74, 26.73� 0.87, 23.71�
0.64, and 16.12 � 0.75, respectively (n � 9). Calculated PCR
efficiencies (E) for petC1, petC2, petC3, and rnpB were 1.76,
1.52, 1.70, and 1.96, respectively. These results clearly show that
under both LL and HL conditions the expression level of petC2
was lower than petC1 and petC3 in Synechocystis, which was
confirmed with different primer sets for the petC2 transcript
amplification (data not shown). This significant decrease of the
petC2 Ct value under HL conditions clearly indicates an induc-
tion of the petC2 expression. The time course of petC transcript
accumulation during HL is shown in Fig. 3A, whereas Fig. 3B
shows the dependence of petC expression after a 90-min expo-
sure to different light intensities. It is apparent fromboth panels
that the expression levels of petC1 and petC3 are quite inde-
pendent from the illumination time and light intensities,
whereas petC2 expression increases with both light intensity
and time.A significant increase in the petC2 transcript levelwas
observed after a 90-min HL incubation (Fig. 3A) and above a
light intensity of 350–400 �mol photons m�2 s�1 (Fig. 3B).
Linear and Cyclic Electron Transport Activities—The petC2

transcript level is significantly enhanced in Synechocystis WT
grown under HL conditions (Fig. 3), and growth of the �petC2
and �petC3 mutants was not suppressed by HL, in contrast to
WT cells (Fig. 2B). To investigate the impact of petC deletions
on electron transport activities under HL illumination, overall,
linear and cyclic electron flow were quantified in LL- and HL-
adapted Synechocystis cells using P700� reduction kinetics. Fig.

4A illustrates the principles of this
quantification: as an example,
curves of WT Synechocystis cells
adapted to LL conditions are shown.
The time interval of the saturating
pulse (100 ms, indicated as black
rectangle over the traces) is followed
by the (dark) reduction of P700�,
which shows the fastest kinetics in
untreated cells (curve 1). Addition
ofMV (curve 2), which blocks cyclic
electron transport, DCMU (curve
3), which blocks linear electron
transport, or a combination of them
(curve 4), slowed down the reduc-
tion kinetics. The corresponding
rate constants for linear and cyclic
electron transport were determined
as the difference of the two rate con-
stants obtained by fitting the decays
with single exponential functions in

an appropriate combination (for details see “Experimental Pro-
cedures”). Fig. 4B summarizes the determined rates for Syn-
echocystisWT and the various �petC strains under LL and HL
conditions and in Fig. 4C the relative contribution of linear and
cyclic electron transport activities are shown. Although linear
electron transport is the dominant form in all photoautotrophic
cultures (Fig. 4B, white columns) both electron transport activ-
ities and their response to HL showed large variations between
individual strains. First of all, the highest overall and linear elec-
tron transport activity was detected in WT cells with all three
PetC proteins expressed. This indicates that all PetC isoforms
are needed for maintaining maximal electron transport rate.
Electron transport activities of LL cultures were considerably
lower in the absence of PetC2 and/or PetC3. The observed very
low electron transport activity in the �petC1 strain (and also in
the �petC1/3 strain, data not shown) was most likely caused by
the rather low population size of active cytochrome b6f com-
plexes upon deletion of petC1 (compare Fig. 2A). Although in
WT and �petC2 strains the overall and linear electron trans-
port rates are reduced under HL conditions in comparison to
LL conditions, changes in�petC1 and�petC3 strains arewithin
the range of error (Fig. 4B). In all strains an up-regulation of the
cyclic electron transport was observed under HL conditions
(Fig. 4C). Notably, the relative contribution of the cyclic elec-
tron transport was significantly higher in the two strains con-
taining PetC3 (�petC1 (26%) and �petC2 (27%)) than in the
�petC3 deletion strains (14%) and WT cells (9%) (Fig. 4C).
Energy Transfer and Short-term Light Adaptation (State

Transitions)—Upon excitation at 580 nm, low temperature (77
K) fluorescence emission spectra enable tracking of energy
transfer from PBS antenna to photosystems in cyanobacteria.
Although peaks at 685/695 and 725 nm (Fig. 5A) indicate
energy transfer fromPBS to PS2 andPS1, respectively, emission
peak and the shoulder at 650 and 665 nm indicate functionally
unconnected PC andAPC, respectively. The relatively high PBS
to PS1 energy transfer (Fig. 5A, solid line) confirms that dark
adaptation induces state II in Synechocystis WT. In contrast,

FIGURE 3. Accumulation of petC transcripts in Synechocystis PCC 6803 WT cells as determined by qPCR
analysis. The y axis shows the relative expression ratio (log2 scale), calculated by REST (see “Experimental
Procedures”), relative to cells grown under LL conditions. The error bars represent the S.D. of three to nine
independent measurements. A, cells at A750 � 0.2 were incubated under HL for 10, 20, 45, 90, or 180 min.
B, accumulation of petC transcripts after incubation of Synechocystis cells at various light intensities. Cells were
incubated for 180 min at elevated light intensities (100, 250, 400, and 650 �mol photons m�2 s�1).
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selective illumination of PS1 with far-red light oxidizes the PQ
pool and induces state I with increased energy transfer from
PBS to PS2 (Fig. 5A, dashed line). Comparison of WT with
various petCmutants (Fig. 5, A–D) shows major differences in
the capability of Synechocystis to perform state transitions: dif-
ferent from�petC2 and�petC3 strains (Fig. 5,C andD, respec-
tively), �petC1 cells seem to have essentially lost the capability
for state transitions (Fig. 5B). Also, the “state transition effi-
ciency” was higher in the �petC2 and �petC3mutants than in
WT (with the positions of PBS andphotosystememission peaks
being identical). The spectral characteristics of double deletion
strains �petC1/3 and �petC2/3 were similar to single deletion
mutants �petC1 and �petC2 or �petC3, respectively (data not
shown). The high APC/PC ratio in the�petC1mutant deduced
from absorption measurements (Table 1) was also seen in the
fluorescence spectra of this strain (i.e. higher ratio of the fluo-
rescence emission at 665 and 650 nm; Fig. 5B).
In addition to low temperature fluorescence emission spec-

tra, state transitions can also be followed by room temperature
chlorophyll fluorescence transients. According to the method
of Ruban and co-workers (50), state transitions can be induced
by switching on and off PS1 light in the presence of continu-
ously applied PS2 light. Also, maximal fluorescence levels that
should be different in states I and II (denoted as FmI and FmII,
respectively) can be probed by saturating light pulses (50).
Although the transients upon PS1-light on/off reflect the
capacity of state transitions to balance the PQ redox state, FmI–
FmII oscillations provide information on changes in the appar-
ent (PS2) antenna cross-section.4 Fig. 5, E–H, show the results
upon adaptation of this method for cyanobacteria. As in con-
trast to chloroplasts the cyanobacterial PQ-pool was signifi-
cantly reduced in the dark (due to respiratory electron transfer),
a pre-reduction of the PQ-pool by PS2 light was not required.
PS1 light (Fig. 5E, left arrow) induces a gradual increase of chlo-
rophyll fluorescence, reflecting an increasing PS2 antenna
cross-section during state II to state I transition. Light off
(downward arrow) causes a rapid transient rise that was fol-
lowed by decay to the original dark level. This indicates a tem-
porary increase in the PQ reduction level (absence of PS1 oxi-
dation power), which was followed by PQ re-oxidation and a
decrease of PS2 antenna cross-section (state I to II transition).
Changes in the apparent antenna cross-section can be visual-
ized by saturating light pulses after dark and FR periods, reveal-
ing FmII and FmI, respectively. Results presented in Fig. 5, F–H,
agree well with low temperature fluorescence spectra (Fig. 5,
B–D) in showing big differences in the petC-mutants to per-
form state transitions. In contrast to�petC2 and�petC3 strains
(Fig. 5, G and H, in comparison with C and D, respectively),

4 A. V. Ruban, personal communication.

FIGURE 4. Quantification of linear and cyclic electron transport by P700
redox kinetic measurements. A, kinetic traces of LL-adapted WT cells. The
black rectangle symbolizes the time interval of the saturating light pulse (100
ms), which is followed by the reduction of P700

� (in the dark). The fastest
kinetics observed in the untreated sample (curve 1), which is slowed down in
the presence of MV (curve 2) and/or DCMU (curves 3 and 4) due to blocked
cyclic and/or linear route(s), respectively. Curves correspond to three aver-
aged traces of the same sample. Rate constants were determined by fitting

the curves with single exponential functions. Individual rate constants of lin-
ear and cyclic electron transfer (B) were determined as described under
“Experimental Procedures” and in Ref. 51, and for comparison normalized to
the overall electron transport activities (C). Black, white, and gray columns
represent the determined overall, linear, and cyclic activities, respectively.
Electron transport rates are averaged from measurements with three to five
independent cultures. Activities of HL samples have been determined after
180 min of HL illumination.
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�petC1 cells have lost the capability to perform state transitions
(Fig. 5F): neither significant transient changes in the steady-
state fluorescence level nor changes in the antenna cross-sec-
tion were induced by switching on or off FR illumination. In
agreement with the results of P700� reduction kinetic experi-
ments (Fig. 4) this shows an impaired electron flow through the
cytochrome b6f complex, and in turn, a small impact of the PS1
on the plastoquinol oxidation. On the other hand, the FmI–
FmII oscillation and fluorescence changes (with FR on and off)

were more pronounced in �petC2
and �petC3 mutants than in WT
(Fig. 5, G andH). This indicates sig-
nificant transient changes in the PQ
redox level that in turn induce a
more robust change in the PS2
antenna cross-section. These dy-
namic changes in distribution of
absorbed light energy between the
two photosystems during state tran-
sitions can be followed by fluores-
cence measurements both at low
(left panels) and at room tempera-
ture (right panels).

DISCUSSION

PetC1 Is the Major Rieske Pro-
tein—Although in higher plants and
green algae the Rieske [2Fe-2S] pro-
tein of the cytochrome b6f complex
is encoded by a single petC gene, in
Synechocystis PCC 6803 and other
cyanobacteria three (or even more)
different petC genes code for a
group of putative Rieske isoforms.
On the phylogenetic tree of Rieske
iron-sulfur proteins, only PetC1 of
Synechocystis forms a branch with
other cyanobacteria containing
merely one petC gene, and this
branch is phylogenetically close to
the group of chloroplast Rieske pro-
teins (38, 41). Based on an initial
characterization of Synechocystis
�petC strains it has already been
suggested that PetC1 is the major
Rieske iron-sulfur protein in Syn-
echocystis (40). Deletion of petC1
results in a highly reduced PQ-
pool when respiratory electron
transport is inhibited as well as in
an increased PS1 to PS2 ratio (40),
although this ratio was not altered
in the �petC2 or �petC3 strains
(40). In line with this, deletion of
petC1 also results in diminished
PS2 activity (40). Our present
work further refines this predom-
inant and crucial role of PetC1 in

electron transport of Synechocystis. As evident from Fig. 4B
(linear and cyclic), electron flow via the cytochrome b6f com-
plex is severely affected in the �petC1 strain, resulting in
incomplete oxidation of the PQ-pool by PS1 (Fig. 5F) and in
a light-sensitive growth phenotype (Fig. 2B). The diminished
electron flux through the cytochrome b6f complex and, as a
consequence, the easy reduction of the PQ-pool also severely
affects the Synechocystis growth rate even under low-light
conditions (Fig. 2B).

FIGURE 5. State transitions followed by low temperature (77 K) fluorescence spectroscopy (A–D) or room
temperature chlorophyll fluorescence (E – F) in WT (A and E), �petC1 (B and F), �petC2 (C and G), and
�petC3 (D and H) cells of Synechocystis PCC 6803. Left panels, excitation wavelength of 580 nm; solid and
dashed curves represent two parallel samples that have been frozen after a 15-min dark incubation or after a
subsequent FR illumination, respectively. All curves were normalized to the emission peak at 725 nm. Right
panels, upward and downward arrows indicate “on” and “off” of FR illumination, respectively. Saturation pulses
were given to record Fm in states I and II.
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Due to the diminished electron transport through the cyto-
chrome b6f complex, the PQ-pool appears never to be suffi-
ciently oxidized by PS1 to induce a state transition in the
�petC1 strain, i.e. the cells remain in state II under all condi-
tions (Fig. 5, B and F). A similar effect was recently reported for
Synechocystis with the deleted ssr2998 gene (37). In these
mutants the limited capabilities to control the PQ redox level by
state transitions is compensated by adjusting the PS2 to PS1
ratio (37, 40). The lowered PC/APC ratio in the �petC1 strain
(Table 1, Fig. 5B) also decreases electron input into the PQ-pool
and may help in maintaining the redox state of the PQ pool.
Deletion of the petC1 gene is apparently accompanied by

increased cydA gene expression as shown by immunoblot anal-
ysis of CydA accumulation (Fig. 2A). Although an increased
cytochrome-bd oxidase activity has already been suggested
based on fluorescence induction measurements of mutants
with impaired cytochrome b6f complexes (35, 40), this is the
first direct proof for the presence of the cytochrome-bd oxi-
dase in a cyanobacterial thylakoid membrane on the protein
level. (For the original paper on the cytochrome-bd oxidase
as a component of the cyanobacterial electron transport net-
work, see Ref. 53; for two recent ones, see Refs. 54 and 55.)
Thus, reduction of the cytochrome b6f complex activity and
the resulting easily reducable PQ-pool do not only influence
the regulation of the PS2 to PS1 and PC/APC stoichiometry
but also seem to induce expression of cytochrome-bd
oxidase.
Because the cytochrome b6f complex is a central and essen-

tial component of the energy-transducing system in chloro-
plasts and cyanobacteria deletion of petC should not be possible
if there is only a single petC gene in the genome. The green alga
C. reinhardtii is the only known example for a viable �petC
mutant (56), being able to grow heterotrophically and to gen-
erateATP andNAD(P)H solely by oxidative phosphorylation in
mitochondria. Even the cyanobacterium Synechococcus PCC
7002, with a genome containing three petC gene copies, was
unable to survive petC1 deletion (57). In contrast, in Synecho-
cystis PCC 6803 petC1 can be deleted and partially substituted
by PetC2 (40), and deletion of petC1 results in an increased
expression of PetC2 (Fig. 2A). However, despite redox and
functional similarities the PetC2-b6f complex in this strain
shows a significantly lower activity than could be expected on
the basis of the amino acid sequence differences between PetC1
and PetC2 (Fig. 4B). The main reason for this is the small
amount of functional cytochrome b6f in this strain (as evi-
denced by immunoblot analysis, Fig. 2A), resulting in a con-
stantly low electron transport rate (Fig. 4B).
The exact reason for this small PetC2-b6f population size is

unclear. However, because petC1 and petA are organized in the
petCA operon (58) it appears likely that petC1 deletion also
compromises expression of petA and thus accumulation of
cytochrome f. Furthermore, the presence of PetC1 and/or
cytochrome f appears to be critical for accumulation of SU IV
but not for cytochrome b6 (Fig. 2A). As these subunits are
encoded by co-transcribed genes organized in the petBD
operon (58) this reflects different stabilities of SU IV and
cytochrome b6 (59) in Synechocystis membranes. Although
expression of petC2 is clearly up-regulated upon deletion of

petC1 (Fig. 2A), this increased expression cannot fully com-
pensate for PetC1 deficiency.
PetC2 and PetC3Are Involved in Long-termLight Adaptation

and Regulation of Cytochrome b6f Complex Activity—Despite
sequence differences between the two Rieske proteins, PetC2
can partially substitute PetC1 and mediate electron transfer
from PQH2 to cytochrome f (Fig. 4). However, due to its low
abundance in WT thylakoid membranes (Fig. 2A) and the sig-
nificant transcript accumulation under HL (Fig. 3), PetC2 is
most likely mainly involved in regulatory processes. Further-
more, the �petC2 strain has an unusually high growth rate
under HL conditions in comparison toWT (Fig. 2B) suggesting
a role of PetC2 in long-term light adaptation. As PetC1 and
PetC2 are exclusively located in the thylakoid membrane (see
below) and as the cytochrome b6f complex only functions as a
dimer, it would be interesting to know whether PetC1-b6f and
PetC2-b6f form hybrid dimers or exclusively homodimers.
Although important for understanding the molecular mecha-
nism, the answer for this question is difficult and beyond the
scope of this contribution.
PetC3 shows several unique features different from the other

two Rieske isoforms in Synechocystis. First, the primary struc-
ture of PetC3 is quite different from PetC1 and PetC2 (38, 41).
Its N-terminal region is shorter by more than 10 residues, the
sequence of its putative transmembrane helix is poorly con-
served, and the connected hinge region is lacking. All thismight
indicate a function of PetC3 that is different from the other two
isoforms. In agreement with this, PetC3 was recently reported
to be located exclusively in the cytoplasmic membrane of Syn-
echocystis (55, 60). Also, as the �petC1/2 double deletion strain
does not survive (40), PetC3 apparently cannot functionally
substitute PetC1, and the determinedmidpoint redox potential
(�135mV) is too negative to allow PetC3 to be a component of
the linear electron transport chain (41). Although all these
observations indicate that PetC3 is not a component of the
“classical” cytochrome b6f complex, our data showan impact on
its function. A role of PetC3 in long-term light adaptation is
supported by (a) the high growth rate of the �petC3mutant(s)
under HL conditions (Fig. 2B) and (b) the observation that the
maximal overall and linear electron transport rate is only
achievedwhen all three PetC isoforms are present (Fig. 4B). The
inability for an effective up-regulation of the cyclic electron
transport relative to the linear one under HL in the �petC3
strain (Fig. 4C) may also support this view. In summary, our
data suggest defined roles of the various PetC proteins in short-
and long-term light adaptation as a molecular basis for meta-
bolic flexibility, which enables survival in an ever changing
environment.
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