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Filamentous, heterocystous cyanobacteria are capable of nitrogen fixation and photoautotrophic growth.
Nitrogen fixation takes place in heterocysts that differentiate as a result of nitrogen starvation. Heterocysts
uphold a microoxic environment to avoid inactivation of nitrogenase, e.g. by downregulation of oxygenic
photosynthesis. The ATP and reductant requirement for the nitrogenase reaction is considered to depend on
Photosystem I, but little is known about the organization of energy converting membrane proteins in
heterocysts. We have investigated the membrane proteome of heterocysts from nitrogen fixing filaments of

Iéz:ggﬁ'tena Nostoc punctiforme sp. PCC 73102, by 2D gel electrophoresis and mass spectrometry. The membrane
Nostoc proteome was found to be dominated by the Photosystem I and ATP-synthase complexes. We could identify a
Heterocyst significant amount of assembled Photosystem II complexes containing the D1, D2, CP43, CP47 and PsbO
Photosystem I proteins from these complexes. We could also measure light-driven in vitro electron transfer from
gll;lopfisccsnce Photosystem II in heterocyst thylakoid membranes. We did not find any partially disassembled Photosystem

Il complexes lacking the CP43 protein. Several subunits of the NDH-1 complex were also identified. The
relative amount of NDH-1M complexes was found to be higher than NDH-1L complexes, which might

suggest a role for this complex in cyclic electron transfer in the heterocysts of Nostoc punctiforme.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Cyanobacteria are a diverse group of bacteria, capable of oxygenic
photoautotrophic growth. By their ability to split water into oxygen
and reductants, cyanobacteria prompted the development of higher
plants ca half a billion years ago. Many cyanobacteria, such as the
filamentous, heterocyst-forming cyanobacteria, have the capacity to
fix atmospheric nitrogen into ammonia. Nostoc punctiforme PCC 73102
(identical to Nostoc punctiforme ATCC 29133, henceforth referred to as
Nostoc punctiforme), is a filamentous cyanobacterium of symbiotic
origin, able to express different phenotypes depending on environ-
mental conditions [1]. When cultured under nitrogen-limiting

Abbreviations: ATP, adenosine triphosphate; BN, blue native; Chl, chlorophyll; CLSM,
confocal laser scanning microscopy; DM, n-dodecyl [3-p-maltoside; DBMIB, dibro-
mothymoquinone; DCBQ, 2,6-dichloro-p-benzoquinone; DCMU, 3-(3,4-dichlorophe-
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conditions, 5-10% of the vegetative cells in the filament will
differentiate into nitrogen fixing heterocysts [2-5].

Nitrogen fixation is carried out by the multimeric enzyme complex
nitrogenase [6-8]. The nitrogenase active site contains a polynuclear
Mo-Fe complex that is inactivated by oxygen [9-11]. Genes encoding
the enzymes involved in nitrogen fixation are therefore only
expressed after the oxygen level has dropped below a critical level,
and the transcription of nitrogenase genes is stopped if the oxygen
pressure is increased [10].

Oxygenic photosynthesis, which is the main source of ATP and
reductants for the free-living organism, is diminished in the hetero-
cysts, in order to keep the oxygen concentration at a minimum. The
water oxidizing activity of Photosystem II (PSII) as well as fluorescence
emission at 685 nm, associated with PSII, has been reported to be
lacking in intact heterocysts from several filamentous strains [12,13]. It
has been hypothesized that PSII activity is decreased due to the
absence of phycobilisomes that are the main light-harvesting
complexes for PSII in the vegetative cells [12,13]. The reaction centre
proteins of PSII have been suggested to be degraded during heterocyst
differentiation, although there have been some indications that PSII
proteins can still be found in the mature heterocyst [14,15].

Aside from downregulation of photosynthesis, other mechanisms
contribute to keeping a micro-oxic environment in the heterocysts;
two extra envelope layers are constructed to reduce the permeability
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of O, into the heterocyst [16,17]. The discovery of heterocyst specific
terminal oxidases in several filamentous strains supports the view
that oxygen consumption is enhanced in heterocysts [18-20].

Nitrogen fixation is an energy demanding process, with a very high
requirement of ATP and reducing equivalents. Since the heterocysts do
not have water oxidation as primary source of reducing equivalents, it
has been suggested that the reductants needed for nitrogen fixation are
supplied via the pentose phosphate pathway [21,22], by carbon sources
imported into the heterocysts from the vegetative cells [9,23]. The
nitrogenase is probably directly reduced by heterocyst specific ferre-
doxins in Anabaena variabilis and Anabaena/Nostoc PCC 7120 [24,25].
Ferredoxin is assumed to be reduced by ferredoxin:NADP reductase
(FNR) which has been found to be upregulated in heterocysts of Ana-
baena sp. and Anabaena/Nostoc PCC 7120 [26,27]. The main electron
transfer route towards ferredoxin reduction in heterocysts is to a large
extent unknown. Nitrogen fixation occurs at a higher rate under
irradiation than in the dark, suggesting that Photosystem I (PSI), which
remains active in heterocysts, plays an important role for the supply of
ATP and/or reduced equivalents for nitrogen fixation [13,28-30].

In the vegetative cells, respiration and oxygenic photosynthesis
take place in the same cellular compartment, but are segregated into
different regions of the intracellular membrane system. While several
respiratory enzymes are operative both in the thylakoid and
cytoplasmic membranes, photosynthetic reaction centres appear
primarily in the thylakoid membrane, whereas terminal oxidases
seem confined to the plasma membrane [31,32]. In heterocysts, the
intracellular membrane structure is different from vegetative cells,
displaying e.g. a heterocyst-specific arrangement known as ‘honey-
comb’ structures close to the cellular poles [33]. In addition to the
electron transport pathways remaining unclear, the organization and
composition of the energy converting membranes in heterocysts is
still poorly understood.

In the present study we investigate the composition of membrane
protein complexes in heterocyst membranes of Nostoc punctiforme.
Recently, several groups have undertaken global proteomic investi-
gations of this species, and with advances in quantitative shotgun
proteomics our understanding of the nitrogen fixation process will be
enhanced [34,35]. However, understanding the function of the
membrane proteome requires analysis of both structure and function
using techniques that are less detrimental for the assembled
membrane protein complexes. Previously, analyses of membrane
protein complexes of e.g. Synechocystis PCC 6803 and Nostoc
punctiforme have revealed important aspects of the membrane
protein composition, which are not reachable from a shotgun
approach [36-38].

Here we present results from analyses of isolated membranes from
the heterocysts of Nostoc punctiforme. The membrane protein
complexes in the thylakoids were analyzed via 2D-gel electrophoresis
and mass-spectrometry, and characterized by biophysical measure-
ments. An interesting finding is that assembled PSIl complexes are
found in heterocysts, and that these complexes are capable of light-
induced electron transfer.

2. Materials and methods
2.1. Culture conditions and isolation of heterocysts

The following protocol was developed based on methods described
previously [26,28,39], with modifications as described below. Fila-
ments of Nostoc punctiforme sp. strain PCC 73102 (from now on
referred to as Nostoc punctiforme) were cultivated under nitrogen
fixing conditions in BG11, medium: 1.5 I batch cultures to a total
volume of 6 to 10 1 were used and enriched with 3-5% CO,, stirred and
illuminated continuously with a light intensity of 30 pE/m? s.
Approximately 7% of the cells differentiated into heterocysts as judged
by light microscopy. The cultures were harvested during mid log phase

after 7 days of growing (the chlorophyll-a content of the culture was
0.7 mg/l), by centrifugation at 5000 xg for 10 min and resuspended
immediately in Buffer solution A (Buffer solution A: 0.4 M sucrose;
50 mM Hepes/NaOH, pH 7.2; 10 mM NaCl; 10 mM EDTA), in a volume of
ca 35 ml, at a chlorophyll-a (Chl-a) concentration of 150 pg/ml.

Prior to cell lysis, the cell suspension was incubated for 30 min at
4 °Cin darkness. A freshly prepared solution of lysozyme from chicken
egg white (Calbiochem) was added at a concentration of 1 mg/ml, and
the suspension was incubated at 35 °C for 60 min in a shaker incubator
in the dark. The cell suspension was sonicated on ice at full amplitude
(27 W, Sonics Vibracell, VC-130). Sonication was done at intervals of
10 s. After each interval, the suspension was inspected in a light
microscope. After a total sonication time of 1 min (6x10 s), only the
heterocysts were left intact. The heterocysts retained their colour and
cellular structures such as polar bodies after this treatment.

After sonication, the suspension was centrifuged at 1000 xg for
5 min, and the supernatant, containing material from disrupted
vegetative cells, was discarded. The pellet, containing the heterocysts,
was manually homogenized using a Potter homogenizer pestle, and
resuspended in Buffer solution A. The suspension was centrifuged at
500 xg for 5 min, after which the supernatant was discarded. The
pellet was again homogenized, resuspended in Buffer solution A, and
centrifuged at 500 xg for 5 min. Two additional washing steps were
performed as above, with the only change that the g-force was
reduced to 250 xg, and the time to 3 min. The low speed and short
centrifugation time was used during these last washing steps, to avoid
co-sedimentation of membranes or cell wall debris from vegetative
cells, together with the intact heterocysts. After the final centrifuga-
tion, the supernatant was discarded and the pellet was resuspended in
Buffer solution A, to a final concentration of ca 0.5 mg Chl-a ml~ . The
suspension of isolated heterocysts was inspected by light and confocal
laser scanning microscopy (see below), and stored at -80 °C.

A different batch culture of Nostoc punctiforme was later used as
control for Western blot experiments (see below). That batch was
grown as described above, but with additional supply of ammonia as
nitrogen source.

2.2. Preparation of thylakoid membranes from heterocysts

The procedures described in this paragraph were performed in dim
green light, and at 4 °C or on ice. Isolation of thylakoid membranes
from the heterocysts was carried out by essentially the same protocol
that we developed for thylakoid membrane isolation from vegetative
cells [38], with modifications as follows: the suspension containing
intact heterocysts at 0.5 mg Chl-a ml™!, was mixed in a 1:1 ratio (v/v)
with Buffer solution B (Buffer solution B: 0.8 M sucrose; 10 mM MES/
NaOH, pH 6.35; 20 mM MgCl,; 20 mM CaCl,; 1 mM benzamidine;
1 mM phenylmethylsulfonyl-fluoride (PMSF)).

The suspension was placed in the sample chamber of a Parr cell
disruption vessel (model 4639, Parr Instrument Company), and
pressurized with N; to 170 bars. The high pressure was maintained
for a minimum duration of 5 min, until the gas was homogenously
distributed in the heterocysts. The suspension was then discharged
through the sample outlet valve, at the bottom of the still
pressurized sample chamber. The sudden depressurization led to
lysis of the cells. The pressurization/depressurization procedure was
done three times consecutively to the heterocyst suspension, to
increase the yield of cell lysis.

The suspension was centrifuged at 5000 xg for 5 min. After
centrifugation, the supernatant, containing thylakoid membranes,
was collected and kept on ice in the dark. The pellet, containing cell
walls and the remaining intact heterocysts, was resuspended in Buffer
solution B. The pressurization treatment was repeated as above for the
resuspended pellet. After the last depressurization step, the suspen-
sion was centrifuged at 5000 xg for 5 min. After the centrifugation, the
supernatant was collected and kept on ice in the dark. The remaining
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pellet was resuspended in Buffer solution B, given the same high-
pressure treatment as before, and centrifuged at 5000 xg for 5 min.

After the final centrifugation, the pellet contained cell walls and a
fraction of thylakoid membranes still attached to the cell wall. This
pellet (referred to below as the ‘cell wall membrane fraction’) was
resuspended in Buffer solution C (Buffer solution C: 0.8 M Sucrose;
20 mM CaCly; 20 mM MgCly; 10 mM MES-NaOH, pH 6.35) at a
concentration of 0.5 mg Chl-a ml™! and stored at -80 °C.

The supernatant containing the thylakoid membranes was pooled
together with the two previously collected supernatants, and the
entire suspension (referred to below as the ‘thylakoid membrane
fraction’) was centrifuged at 48,000 xg for 60 min at 4 °C. The resulting
supernatant after this step, contained mainly soluble proteins, and was
discarded. The pellet, containing thylakoid membranes, was resus-

pended in Buffer solution C at 0.2 mg Chl-a ml™", and stored at 80 °C.

2.3. Determination of chlorophyll-a and protein content

Chl-a was extracted from the cells with 90% methanol. Absorbance
was determined at 665 nm, and the Chl-a content was calculated with an
extinction coefficient of 78.741g™ " cm™ ' [40]. For gel electrophoresis and
biophysical measurements, the protein content of thylakoid membranes
and cell walls, was calculated according to the method of Bradford
(595 nm) according to BioRad Protein Assay, Section 2 (BioRad).

2.4. Western blotting

Western blotting using antibodies against the Rubisco large
subunit (RbcL) was used to control the purity of the heterocysts. The
total protein content in samples of total cell extracts, was determined
by using the BCA Protein assay (Pierce Biotechnology, Inc., Rockford,
IL) with bovine serum albumin as a standard.

Protein samples (10 pg per lane) were separated by discontinuous
SDS-PAGE [27] with a 12% resolving gel and a 3% stacking gel. After
electrophoresis, proteins were either stained with Coomassie blue or
transferred to Hybond ECL nitrocellulose membranes (Amersham
Biosciences, Buckinghamshire, United Kingdom). Membranes were
incubated for 1 h in 5% skim milk in Buffer solution D (Buffer solution
D: 20 mM Tris-HCI pH 7.4, 140 mM NacCl, 0.05%-0.15% Tween), washed
in the same buffer, and then incubated with anti-RbcL antibodies
(Agrisera, Sweden) at a 1:10,000 dilution in a suspension of 2% skim
milk in Buffer solution D (0.015% Tween). This was followed by
washing in Buffer solution D and incubation with a horseradish-
peroxidase-conjugated anti-rabbit antibody (BioRad) at a 1:5000
dilution. Immunodetection was visualized by chemoluminescence
Western blotting ECL detection reagents (GE Healthcare, Sweden) on a
ChemiDoc Imager (BioRad).

2.5. Confocal microscopy

Confocal laser scanning microscopy (CLSM) was performed with a
Leica TCS-SP microscope with an inverted DMRIB stand. Exciting light
at 488 nm was provided by an argon laser. Sample emission was
collected at different wavelength ranges; in one channel emission was
detected at 650-690 nm, to capture fluorescence from phycobilisomes
and PSIL In a second channel emission was detected at 700-740 nm to
capture mainly fluorescence from PSI Fluorescence intensities of the
vegetative cells and heterocysts, were analyzed from the digital images
using the Image] 1.35 software (http://rsb.info.nih.gov/ij/, Wayne
Rasband, National Institute of Health, USA). The fluorescence intensity
varied between different locations within each cell. The total emission
intensity from a given cell was therefore integrated over the cell image
area and compared to that of cells from the same type (e.g. heterocysts).
The average intensity per cell was obtained from three independently
sampled images. For visualizing the distribution between different
emission wavelengths, the images from the two confocal channels were

coloured green or red using Adobe® Photoshop® 7.0, for the short and
long wavelength emission bands respectively.

2.6. Oxygen evolution and electron transfer measurements

Oxygen evolution by PSII was assayed at 25 °C using a Clark-type
oxygen electrode (Hansatech, UK). Saturating illumination was
provided with 150 W slide projector lamp, equipped with an orange
long-pass filter that has no transmittance at wavelengths below
570 nm (0G590, Schott Glass Technologies Inc.). Oxygen evolution of
thylakoid membranes and intact cells was measured using 2 mM K;
[Fe(CN)g] and 1 mM 2,6-dichloro-p-benzoquinone (DCBQ), or 1 mM
phenyl-p-benzoquinone (PPBQ) as electron acceptors. The thylakoid
suspension was diluted in the measuring solution to a chlorophyll
concentration of 20 ug Chl-a ml™".

Electron transfer through PSII was assayed by measuring the light-
driven reduction of the artificial electron acceptor 2,6-dichlorophe-
nolindophenol (DCPIP) using the artificial electron donor diphenyl-
carbazide (DPC). DPC acts as electron donor to Tyrosine-Z in the
absence of an intact water oxidizing manganese complex [41]. The
thylakoid suspension was diluted in the thylakoid buffer solution (see
above) to a Chl-a concentration of 20 ug Chl-a mI™'. 0.1 mM DCPIP was
added to the suspension in the dark, and 1 M dibromothymoquinone
(DBMIB) was added to prevent unwanted oxidation of the reduced
electron acceptor by the Cytochrome bg/f complex. Reduction of DCPIP
in the presence or absence of 0.5 mM DPC, was measured using a
Shimadzu UV-3000 dual wavelength/double beam recording spectro-
photometer. The reduction can be followed by measuring the change
in absorbance difference (AAA) between 530 nm and 570 nm, as a
function of time during illumination of the sample. Sideways
illumination was provided with a 150 W slide projector lamp with a
590 nm cut-off filter. In additional measurements, 20 uM of the PSII
specific inhibitor (3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) was
added to verify that the observed reduction of DCPIP was a product of
electron transport through PSIIL.

2.7. Fluorescence emission spectroscopy

Fluorescence emission spectra from intact filaments, intact
heterocysts, and thylakoid membranes from vegetative cells and
from heterocyst cells, were recorded at 77 K on a Spex Fluoromax 2
spectrometer (Jobin Yvon Ltd., UK). Excitation was made at 427 nm
and 570 nm respectively, using a slit width of 1 nm. All samples were
diluted to 10 pg Chl-a ml™! in 88% glycerol.

2.8. Determination of Mn concentration by electron paramagnetic
resonance spectroscopy

The Mn content of intact filaments and heterocysts was deter-
mined essentially as in [38]. Briefly: samples of isolated heterocysts
and intact filaments respectively, were washed in Buffer A (see above),
with the addition of 10 mM EDTA to chelate all extracellular Mn. The
cells were centrifuged shortly and resuspended in a solution contain-
ing 0.2 M HNO3 and 0.1 M CaCl,, to denature all membranes and
proteins, and release all Mn. The samples were incubated for 30 min,
and centrifuged at 15,000 xg. The intensity of the hexaquo-Mn(II) EPR
signal was measured on the supernatant, at room temperature. A
standard curve based on the line intensities of MnCl, solutions was
used for quantification.

2.9. 2D blue native/SDS-PAGE

The thylakoids were solubilized at a protein concentration of 10 g/
ul in either 1.5, or 2% w/v n-dodecyl p-p-maltoside (DM) followed by
BN/PAGE. 2D BN/SDS-PAGE was performed as follows: the thylakoid
membranes were washed with 330 mM sorbitol, 50 mM BisTris (pH
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7.0) buffer, and 250 pg ml™' Pefabloc (Roche Diagnostics, Indianapo-
lis); centrifuged at 18,000 xg for 10 min and resuspended in 20% w/v
glycerol, 25 mm BisTris (pH 7.0), 10 mM MgCl,, 0.1 U ™' RQ1 RNAse-
Free DNAse (Promega, Southampton, UK), and 250 ug ml~! Pefabloc at
a protein concentration of 20 pg/ml. An equal volume of buffer
containing 4.0% w/v DM (Sigma) was added under continuous mixing
and was allowed to incubate for 20 min on ice, followed by 10 min at
room temperature. The insoluble fraction was separated from the
soluble fraction by centrifugation at 18,000 xg for 20 min. The
supernatant was mixed with 0.1 volumes of Coomassie blue solution
(5% wfv Serva blue G, 100 mM BisTris, pH 7.0, 30% w/v sucrose,
500 mM e-amino-n-caproic acid, and 10 mM EDTA). This sample
solution was loaded over a 0.75 mm thick, 5% to 12.5% w/v acrylamide
gradient gel (Hoefer Mighty Small mini-vertical unit, Amersham
Pharmacia Biotech, Uppsala) containing 500 mM e-amino-n-caproic
acid. Electrophoresis was performed at 4 °C by increasing voltage from
50 to 200 V during a 6 h run. Once finished, the lanes were excised and
incubated in SDS sample buffer containing 7% v/v p-mercaptoethanol
and 6 M urea for 1 h at room temperature; layered on a 1 mm thick
SDS polyacrylamide gel [42], with 14% w/v acrylamide and 6 M urea in
the separating gel. The proteins were visualized by silver staining [43].

2.10. Identification of proteins by mass spectrometry

Silver-stained protein spots were excised from a dry SDS poly-
acrylamide gel and saturated with 100 mM ammonium bicarbonate.
The proteins were ‘in-gel’ reduced, alkylated and digested with Trypsin
Gold (Promega, USA) according to [44]. After digestion, the peptides
were eluted by washing of the gel pieces for 1 h, consecutively with 5%
formic acid, 5% formic acid/50% acetonitrile, and 5% formic acid/80%
acetonitrile. The extracts were combined and dried in a Speedvac.

Tandem mass spectrometry was performed on a API QSTAR
spectrometer (Applied Biosystems, Foster City, USA) equipped with a
Nano electrospray source (Protana, Toronto, Canada) and connected
in-line with the nano HPLC system and the auto sampler (LC Packings,
Amsterdam, Netherlands). Eluted and dried protein digests were
dissolved in 10 w of 2% formic acid, centrifuged for 10 min at
12,000 xg, and transferred into an auto sampler vial. Aliquots (8 pl) of
samples were loaded onto a C18 PepMap, 5 pm, 5 mmx300 um I.D.
nano-precolumn (LC Packing, Amsterdam, Netherlands), desalted for
4 min and subjected to reverse-phase chromatography on a C18
PepMap, 3 pm, 15 cmx75 um LD. nanoscale LC column (LC Packing,
Amsterdam, Netherlands). A gradient of 2-50% acetonitrile in 0.1%
formic acid was applied for 30 min using a flow rate of 0.2 pl/min.

The acquisition of MS/MS data was performed on-line using the
fully automated IDA feature of the Analyst QS software (Applied
Biosystems, Foster City, USA). The acquisition parameters were 1 s for
TOF MS survey scans, and 2 s for the product ion scans of the two most
intensive doubly or triply charged peptides. Analyses of MS/MS data
were performed with the Analyst QS software followed by protein
identification by Mascot, with search parameters allowing for
carbamidomethylation of cystein, one miscleavage of trypsin, oxida-
tion of methionine, mass accuracy of 0.2 Da for precursor peptides and
of 0.3 Da for ions in MS/MS spectra. The NCBI database was used for
protein identification. One of the proteins (ndhl gene product) was
identified as a hypothetical protein in the NCBI database. However, by
homology to other cyanobacterial sequences it could be clearly
identified as the NdhI protein.

3. Results and discussion
3.1. Isolation of intact heterocysts from filaments
In a previous study we developed a preparation protocol for

isolating the thylakoid membrane fraction in vegetative cells of Nostoc
punctiforme, with the objective to expand this protocol to the isolation

of membrane fractions from heterocysts [38]. To achieve a reliable
proteomic analysis of the thylakoid membranes in heterocysts, we
wanted to ascertain a high purity of the preparation. Two different
types of contamination from vegetative cells may occur: by unbroken
filaments or intact single vegetative cells, and by debris of ruptured
vegetative cells and their thylakoid membranes. Due to the difference
in toughness of the cell wall of the vegetative cells and heterocysts,
vegetative cells can be disrupted by sonication, while the heterocysts
are left intact.

To isolate the heterocysts, the culture was treated with lysozyme,
after which the vegetative cells were broken via mild sonication. To
verify that no filaments or intact vegetative cells remained after
sonication, the cells were carefully inspected by light microscopy. The
heterocysts were left intact and retained all major structural
components such as polar bodies, after this treatment. We used
heterocyst specific staining by Alcian blue (as described by Liu and
Golden [45]) to investigate if the outer envelope had been damaged by
the treatment. The isolated heterocysts were stained to the same
degree as heterocysts in intact filaments, indicating that the outer
envelope was intact (not shown).

Contamination by cell debris and membranes from ruptured
vegetative cells was minimized by several centrifugation steps
followed by careful homogenization. To avoid precipitation of lighter
cell fragments, the centrifugation speed was successively reduced. The
cell suspension was inspected again by light microscopy after all
centrifugations. We thereby achieved a heterocyst preparation of high
purity, and the final supernatant was clear and uncoloured.

3.2. Confocal laser scanning microscopy (CLSM)

In filamentous cyanobacteria, the phycobilisomes are degraded
during nitrogen starvation and early onset of heterocyst differentia-
tion, leading to a lower intensity of auto fluorescence from the
proheterocysts and heterocysts, compared to the vegetative cells
[45-47]. We utilized CLSM to characterize the purity of the
heterocyst preparation. Fig. 1 shows the combined images from
both confocal channels, after artificial colouring was added for
clarity: Images of cells emitting in the shorter wavelength interval
(650-690 nm) was coloured green, and images of cells emitting in
the longer wavelength interval (700-740 nm) was coloured red. Cells
that exhibit fluorescence in both intervals therefore display a variety
of yellow and orange shades.

Fig. 1A shows whole filaments that have grown under nitrogen fixing
conditions for 7 days. The vegetative cells in the filaments were strongly
fluorescent in the 650-690 nm range, and also displayed low intensity
fluorescence in the 700-740 nm range. The high intensity in the shorter
wavelength interval reflects that fluorescence in the vegetative cells
mainly originates from phycobilisomes at ca 650-660 nm.

The heterocysts displayed weaker emission intensity over the
entire spectral range (at arrows in Fig. 1A). Emission from 650 to
740 nm, with emphasis on the longer (‘red’) wavelengths, was
detected from heterocysts in filaments, and was clearly seen after
maximizing the photomultiplier sensitivity. Emission from remaining
phycobiliproteins in the heterocysts could also be detected (see 77 K
fluorescence spectroscopy section below). However, the emission
intensity from the phycobiliproteins was much lower in the hetero-
cysts than in the vegetative cells, consistent with lower phycobilisome
content.

After the heterocysts were isolated from the filaments, the
emission spectrum changed somewhat. Fig. 1B and C display the
purified heterocysts after the final washing steps. It can be seen that
the heterocysts were emitting to a varying degree within the
wavelength range from 650 to 740 nm, resulting in the yellow and
orange colour tones of the heterocyst images (Fig. 1B). The spectral
change in the heterocysts after isolation could be attributed to a
higher degree of quenching of the long-wavelength fluorescence from
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Fig. 1. Laser-scanning confocal microscopy pictures taken in a single plane. (A) Nitrogen
fixing filaments magnified 1000%, white arrows indicate heterocysts along the
filament. (B) depicts isolated heterocysts obtained by sonication of whole filaments.
The detector sensitivity was increased by 25% compared to the picture in A, in order to
enhance fluorescence detection. (C) depicts an image taken in transmission mode,
superimposed on the confocal image in B. In C the thick cell walls characteristic of
heterocysts can be observed.

PSL In isolated heterocysts, the redox balance is disturbed due to
interrupted supply of electron donors from the vegetative cells, or
perhaps by leakage of electron carriers from the heterocysts. During
sample preparation for confocal microscopy, the primary donor Pqq
became oxidized in a portion of PSI centres, leading to quenching of
the fluorescence at 720 nm and redirecting the excitation energy to

remaining phycobiliproteins (see 77 K fluorescence spectroscopy
section below). Therefore the emission spectrum in isolated hetero-
cysts was shifted towards shorter wavelengths compared to the
heterocysts in intact filaments. The presence of a stable P, in the
isolated heterocysts, which had been kept at room temperature, was
confirmed by EPR spectroscopy (not shown).

From our observations of fluorescence emission in heterocysts from
both filaments and isolated heterocysts, it is clear that some
phycobiliproteins remain in the mature heterocysts. To compare the
emission intensity in vegetative cells and heterocysts, we used image
analysis software. Images from each confocal channel were analyzed
separately. The average emission intensity from heterocysts was found
to be 20-25 times less than in vegetative cells, over the entire spectral
range. In all of the isolated heterocysts, the average emission intensity
was the same as in the heterocysts in the intact filaments. Therefore we
conclude that our isolated heterocyst preparation contained no
contaminating intact vegetative cells, since these would have been
noticed by their significantly higher emission from the phycobilisomes.

3.3. 77 K fluorescence spectroscopy

The images of isolated heterocysts collected by CLSM, indicated
that some phycobiliproteins remained in the heterocysts, despite the
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Fig. 2. Fluorescence emission spectra at 77 K from vegetative cells and heterocysts of
Nostoc punctiforme, at different excitation wavelengths. Spectra from intact filaments
(—) and heterocysts (- -) after excitation at 570 nm (A) and 427 nm (B). The insert in B
shows an enlargement (5x) of the two spectra, enhancing the peaks at 685 and
695 nm originating from PSI. All samples were adjusted to the same Chl-a
concentration prior to measurement, and the spectra were pair wise normalized to
the emission intensity at the maximum emission from PSI (approx. at 730 nm).
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degradation of the phycobilisomes which follows on heterocyst
differentiation. PSI contains a Chl-a antenna of ca 90-95 Chl-a
molecules per reaction centre [49], but an auxiliary antenna would
presumably make photophosphorylation in heterocysts more effi-
cient. To investigate this option we measured the fluorescence
emission from whole filaments and isolated heterocysts at 77 K.

Fig. 2 shows normalized fluorescence emission spectra collected
from whole filaments and isolated heterocysts. Excitation was made at
570 nm (Fig. 2A) and 427 nm (Fig. 2B). In the intact filaments, emission
from the phycobilisomes and PSII is most noticeable after excitation at
570 nm (Fig. 2A, solid line). The peaks at 643 and 660 nm arise from
phycocyanin and allophycocyanin respectively, and the peaks at 685
and 695 nm originate from the PSII reaction centre [48,50,51].

When Chl-a specific excitation was chosen we observed emission
bands from PSII at 685 and 695 nm in both vegetative cells and in
heterocysts (Fig. 2B). The emission from PSII was lower but still noticeable
in the heterocysts, indicating that the mature heterocysts contained PSII
complexes (Fig. 2B, insert). This was confirmed by our analysis of the
protein complex composition and electron transport in the heterocyst
thylakoid membranes that are shown and further discussed below.

The peak at 738 nm stems from Chl-a molecules in the PSI reaction
centre pigments, and is most prominent when Chl-a specific
excitation is chosen (Fig. 2B). The higher intensity of fluorescence
from PSI [51] compared to fluorescence intensity from PSII can be
attributed to a higher PSI to PSII ratio in the thylakoid membranes
(about 3-4 in vegetative cells [38]).

Emission from PSI was observed under Chl-a specific excitation in
both filaments and heterocysts, but the emission from PSI was
substantial also when the phycobilisome absorption band was excited.
In the heterocysts, the phycobilisome spectrum was dominated by
emission at 640 nm (Fig. 2A, dashed line). However, there was also
considerable emission from PSI, indicating that phycocyanin can
contribute to energy transfer to PSI in the heterocyst, in accordance
with previous observations in heterocysts from Anabaena variabilis 50].

To explore the possible energy transfer from phycobilisomes or
phycobiliproteins to PSI, we recorded excitation spectra from whole
filaments and heterocysts at the 730 emission peak. The result is
shown in Fig. 3. PSI fluorescence is most notably induced at the Chl-a
absorption bands around 430 and 675 nm respectively. In the
filaments, there are also prominent contributions at 570 nm (from
phycoerythrin) and 620 nm (from phycocyanin), that overlap with the
excitation bands of Chl-a. In the isolated heterocysts, the bands
between 550 and 650 nm are diminished but still noticeable. The
intensity of the peak at 620 nm was reduced to ca 40% in heterocysts,
compared to that of filaments.

Normalized fluorescence intensity (a.u.)

400 450 500 550 600 650 700
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Fig. 3. Fluorescence excitation spectra at 77 K from vegetative cells (—) and heterocysts
(- -), measured at 730 nm. The spectra were normalized to the maximum emission peak
at 675 nm.
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Fig. 4. Western blot demonstrating the amount of Rubisco in isolated heterocysts (Het),
nitrogen fixing whole filaments (N;) and filaments grown with ammonia (NH3).

We conclude that although phycobilisome absorption and emis-
sion are clearly reduced in the heterocysts, there are still contribu-
tions by phycobiliprotein-associated excitation transfer to PSI. It has
been proposed that changes in antenna coupling (so-called state
transitions) involve movement of the entire phycobilisome from PSII
to PSI or vice versa [52], but excitation transfer could also depend on
direct contact between the photosystems [53,54]. An alternative
explanation is that energy transfer can take place directly from
phycocyanin rods to PSI, circumventing PSII altogether [55]. Our
emission spectra from heterocyst clearly indicate that phycocyanin
could act as an auxiliary antenna to PSI in heterocysts of Nostoc
punctiforme. This supports earlier suggestions that energy transfer
takes place between phycobilisomes and PSI. Association and energy
transfer between phycocyanin and PSI was recently shown by Kondo
et al, who suggested that core-less phycobilisomes are a naturally
occurring antenna type, accountable for environmental adaptation in
Synechocystis PCC 6803 [56].

3.4. Western blotting

To test the heterocyst preparation for contamination by vegetative
cell contents, we measured the amount of ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco). Rubisco is only expressed in vege-
tative cells, and the protein should therefore not be present at all in the
heterocyst preparation [9,57]. In isolated thylakoid membranes from
vegetative cells, we previously found a large amount of Rubisco, which
co-purified with the thylakoid membranes [38]. If the isolated
heterocysts had been contaminated by proteins from vegetative cells,
Rubisco would be one contaminant that would be easy to detect.

We performed a Western blot analysis using an antibody raised
against the Rubisco large subunit, RbcL. A comparison between
isolated heterocysts, nitrogen fixing whole filaments, and filaments
grown in a medium supplied with compound nitrogen, is shown in
Fig. 4. The relative signal obtained from heterocysts on a total protein
basis, was found to correspond to 4-7% of that in filaments. A realistic
interpretation of this result is that the purity of the heterocyst
preparation was >93-97%. To further validate the purity of the
preparation we performed electron transfer experiments (see below).

3.5. Isolation of thylakoid membranes from heterocysts

We isolated thylakoid membranes from the purified heterocysts,
by modifying our protocol for the isolation of thylakoids from
filaments of Nostoc punctiforme [38]. To rupture the cells and obtain
the thylakoid membranes, we used nitrogen pressurization and de-
compression. This resulted in a higher yield and better reproducibility
than using glass beads or a French press (not shown). For heterocysts,
it was necessary to pressurize the sample five times to achieve
complete breakage of the cells.

After disruption of the heterocysts, the samples were divided into
two fractions: a light fraction, containing pure thylakoid membranes,
and a heavy fraction, containing cell walls, plasma membranes, and
some thylakoid membranes. The heavy fraction will henceforth be
referred to as the ‘cell-wall membrane’ fraction.



258 T. Cardona et al. / Biochimica et Biophysica Acta 1787 (2009) 252-263

The yield of heterocyst thylakoid membranes was calculated on a
chlorophyll-a (Chl-a) basis. The total Chl-a content in a typical batch
culture of 6 1 was ca 6.5 mg, and almost 10% of that, 0.6 mg, was found
in the isolated heterocysts. After isolation, only ca 10.5% of the total
amount of Chl-a, and 7.5% of the total membrane proteins in the
heterocysts, were collected in the thylakoid membrane fraction. The
remaining 89.5% of the Chl-a, and 92.5% of the membrane proteins,
were found in the cell-wall membrane fraction. This was due to a
tendency for the thylakoid membranes to ‘stick’ to the cell walls in
heterocysts, maybe connected to the sub cellular ‘honeycomb’
structures that can be observed at the heterocyst poles. We chose
not to try to increase the yield of purified thylakoid membranes by
using e.g. sonication or detergents, as this might damage the
supramolecular structures of membrane protein complexes.

However, the chlorophyll:protein ratio was on average 38% higher
in the heterocyst thylakoid membrane fraction compared to the cell-
wall fraction. This is an important result and shows that the membrane
proteins in the isolated thylakoid fraction consisted mainly of the
photosynthetic apparatus, whereas the membranes in the cell-wall
fraction contained less photosynthetic proteins on a total protein basis.
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3.6. Protein composition of isolated thylakoids and cell wall-associated
membranes

In a previous study, we analyzed the membrane proteome of the
isolated thylakoids from vegetative cells, by 2-dimensional gel
electrophoresis and mass spectrometry. We then identified 28
individual proteins, including photosynthetic reaction centre proteins,
ATP synthase subunits, and proteins from the Cytochrome-bg/f
complex [38].

Here we have analyzed the membrane protein complexes, in
the isolated thylakoid membranes and the cell-wall membrane
fraction from heterocysts. A mild solubilization of the membranes
with dodecyl P-bp-maltoside, allows intact membrane protein
complexes to be separated in a blue-native (BN) gel (1st
dimension). Individual subunits of each complex were then
separated on a denaturing SDS gel (2nd dimension). The BN gels
and the SDS gels, of thylakoid membranes and cell-wall mem-
branes respectively, are shown in Fig. 5. The proteins were then
identified by ESI-MS/MS. The results from protein identification are
displayed in Table 1.
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Fig. 5. Two-dimensional gel electrophoresis of membranes from heterocysts Nostoc punctiforme. (A) Purified thylakoid membranes, containing the bulk of photosynthetic proteins.
(B) Membranes belonging to the cell wall fraction (see text for discussion). The upper gel lane is a blue-native (BN) gel where membrane protein complexes have been separated in their
native form. The different forms of membrane protein complexes are: PSI(s)=super complexes of PSI, PSI(t)=trimers of PSI, PSI(m)=monomers of PSI, PSI[(m)=monomers of PSII, NDH-
1L=the large complex of NDH-1, NDH-1M =the medium-sized complex of NDH-1. The complexes in the BN gel were separated into the two-dimensional SDS-PAGE gel, and stained by
silver staining. Selected proteins in the SDS-gel were excised and identified by MALDI-TOF mass spectrometry. The identified proteins are listed in Table 1 using the same numbering.
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Table 1

Thylakoid membrane proteins in the heterocysts of Nostoc punctiforme sp. PCC 73102 identified by mass spectrometry

Spot Protein ID Subject NCBI accession Theor protein Identification by ESI-MS/MS
g £enc number mass (kDa) Peptides Mascot score
12 PSI core protein psaA gi:186683949 83.5 10 542
PSI core protein psaB gi:186683950 833 8 399
ATP-dependent Zn-protease ftsH gi:186684974 67.2 12 517
2 ATP synthase subunit o atpA gi:186684957 54.5 13 397
3 ATP synthase subunit 3 atpB 8i:186684534 51.8 23 1998
4 ATP synthase subunit y atpC gi:186684958 35.2 18 951
5 ATP synthase subunit b atpF gi:186684955 204 9 608
6 ATP synthase subunit & atpD 2i:186684956 204 11 621
7 ATP synthase subunit b’ atpG 2i:186684954 16.2 12 890
8 ATP synthase subunit & atpE gi:186684533 14.7 6 387
9 ATP synthase subunit ¢ atpH 2i:186684953 8.1 3 567
10 NDH-1 subunit 7 ndhH 2i:186685062 454 8 454
1 NDH-1 20 kDa subunit ndhK £i:186685599 276 12 620
12 NDH-1 subunit [ ndhl® £i:53686996 (9.6) 5 274
13 PSII protein: CP47 psbB gi:186682779 56.4 7 254
14 PSII protein: CP43 pshC 2i:186683773 50.5 1 571
15° PSII protein: D2 psbD gi:186683774 393 5 307
PSII protein: OEC33 psbO gi:186684906 30.2 8 462
16 PSII protein: D1 psbA £i:186685509 39.8 7 346
17 PSI extrinsic subunit D psaD gi:186685227 15.6 16 969
18 PSI reaction centre subunit XI psal gi:186683995 183 8 415
19 PSI reaction centre subunit III psaF £i:186683993 18.2 6 393
20 Ferredoxin-NADP+-reductase petH gi:186683035 48.6 12 526
21 Cytochrome f petA gi:186680678 36.2 9 584
22 Cytochrome bg petB 2i:186680843 244 4 187
23 Cyt-bg/f subunit IV petD gi:186680843 174 3 97

The numbering corresponds to the BN/SDS-PAGE gel in Fig. 5. Results of protein identification are presented as: an accession number of the protein in the NCBI database, a theoretical
mass of the unprocessed protein, an amount of matched peptide masses that provided the protein identity, and a score value according to Mascot.
2 Proteins of similar apparent molecular weight belonging to the same membrane protein complex, that were not resolved in the SDS gel and where found in the same sample.
b Sequence is annotated as ‘hypothetical protein’ for Nostoc punctiforme. Identification could be made by homology to protein sequences in other cyanobacteria (93% identity in

Anabaena variabilis).

3.6.1. Photosystem Il complexes

A most interesting result which we did not expect, was the finding
of monomeric PSII complexes in the heterocyst thylakoid membranes
(Fig. 5A). We identified the PSII reaction centre subunits CP47, CP43,
D2, and D1 from these complexes (Table 1). Within the same stained
area on the gel where the D2 protein was found, we also identified the
PsbO, or extrinsic Mn-stabilizing protein, normally associated to PSII
complexes active in water oxidation. This is a most surprising result
since the main function of the PsbO protein is assumed to be
stabilization of the water oxidizing complex. The lack of oxygen
evolution from the heterocyst preparation (see below) would
otherwise lead us to assume that all extrinsic PSII protein subunits
are absent. With the PsbO still associated to the PSII complexes, there
is less to suggest that PSII is completely inactivated in the heterocyst,
and if it is, the mechanism is probably on the electron acceptor side.

We would like to stress the fact that the first dimension in the 2D
gels was obtained by separation of intact protein complexes by size, in
the non-denaturing BN gel. This is essential to our findings, since it
means that the identified PSII subunits are all part of assembled PSII
complexes, as opposed to disconnected individual subunits. A few
individual PSII protein subunits have been found in heterocysts in
earlier studies [14,15,29,47,58]. However, the presence of separate
proteins shows no indication as to whether these proteins are part of
assembled protein complexes, or leftovers from protein complex
disassembly. To our knowledge, this is the first time that intact PSII
complexes have been observed in heterocyst membranes.

We did not observe any PSII proteins at all in the membranes from
the cell-wall fraction, where the respiratory enzymes were more
abundant. This important observation suggests that the PSII com-
plexes were a true constituent of the heterocyst thylakoids and not a
contamination. There have so far been no reports that deal with the
details of PSII inactivation during heterocyst differentiation. Disas-
sembly and repair of PSII is known to take place in all oxygenic
photosynthetic organisms due to light-induced damage to the D1

protein in the reaction centre core [59-61]. The repair cycle runs
continuously in the light and starts with D1-degradation by specific
proteases, followed by detachment of the extrinsic proteins and
partial disassembly of the reaction centre core. Such partially
disassembled PSII centres have been shown to lack the CP43 protein,
but contain most other core transmembrane subunits [59].

Our heterocyst preparation contains monomeric PSII complexes
that have at least the D1, D2, CP43, CP47, and PsbO proteins. We did not
find any PSII complexes lacking the CP43 protein, or any other partly
degraded PSII complexes. Our interpretation is that the PSII complexes
observed in the heterocysts were not degradation products.

We then measured light-induced electron transport through PSII
in the heterocyst membranes, in the presence of exogenous electron
acceptor DCPIP (see below).

3.6.2. Photosystem I and ATP synthase complexes and proteins

The 2D gels were completely dominated by the intense staining of
the PSI and ATP synthase proteins (Fig. 5A). The reaction centre
proteins PsaA and PsaB were found within the same stained area and
could be identified by ESI-MS/MS (Fig. 5A, spot number 1). We could
observe several bands (marked with * in Fig. 5) of the same mass as
the PsaA/B spot in the SDS gel, originating from complexes of higher
molecular weight in the BN gel. These are larger multimeric forms of
PSI complexes. In addition, we identified three low-molecular mass
proteins; PsaD, PsaL and PsaF, from the monomeric PSI complexes.

Although silver staining has a poor linear range for absolute
quantification of proteins, we can still compare the relative staining of
several of the different complexes within the same gel, and by
comparison with thylakoid membranes in the vegetative cells. In the
heterocyst gels, the PSI and ATP synthase proteins stained very
heavily, whereas other proteins, such as those from the NDH-1 and
Cytochrome-bg/f complexes, were only relatively faintly stained (Fig.
5). In the gels from vegetative cell thylakoids on the other hand, the
staining was more even between the different protein complexes [38].
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This indicates that the heterocyst thylakoids contain a much larger
relative amount of PSI and ATP synthase complexes, than the
vegetative cell thylakoids. The massive staining from PSI and ATP
synthase in our gels, corroborates previous findings that these
complexes are needed in very large amounts to generate enough
ATP for nitrogen fixation [9,62], which is the basis for the upregulation
of PSI proteins in heterocysts of Anabaena/Nostoc PCC 7120 [27,63].

Within the same area the PsaA and PsaB proteins we also found a
protein which is homologous to the Zn-dependent protease FtsH. FtsH
has been found in plant chloroplasts as well as in cyanobacteria, and is
known to participate in a number of degradation processes, e.g. of the
PSII D1 protein during light stress, as well as in biogenesis of several
photosynthetic proteins [64]. This is the first time an FtsH homologue
has been found in heterocysts of Nostoc punctiforme. Its location in the
PsaA/PsaB complex seems to corroborate earlier findings that FtsH is
essential for the assembly of functional PSI complexes in Synechocystis
PCC 6803 [65].

3.6.3. Proteins from the Cytochrome-bg/f complex

In contrast to the thylakoid membranes, the cell-wall membrane
fraction displayed a markedly stronger staining of the proteins from
the Cytochrome-bg/f and NDH-1 complexes, while the high molecular
weight PSI proteins stained rather weakly. Moreover, we could not
observe any PSII complexes in the cell wall associated membranes.
This suggests that the cell wall associated membranes are dominated
by respiratory enzymes, whereas the photosynthetic proteins are in
lower abundance compared to the isolated thylakoids, similar to what
has been observed in other cyanobacteria [31,32]. The Cytochrome bg/
f complex is known to participate in PSI-driven cyclic electron
transport [66,67], but is not restricted to the photosynthetic electron
transport chain. It has been implied to function in respiratory electron
transport as well [31,32,66].

We identified several subunits from the NDH-1 and Cytochrome-
bs/f protein complexes in the cell-wall membrane fraction (spots 21-
23 in Fig. 5B) while they were difficult to identify in the thylakoid
membranes due to their lower abundance in that fraction. From the
dimeric Cytochrome-bg/f complex we could identify the apocyto-
chrome-f (PetA) subunit by mass-spectrometry. In the same row, we
observed two more proteins belonging to the same protein complex.
By comparison with vegetative cell thylakoids it can be concluded that
these proteins are the Cytochrome-bg (PetB) and the subunit IV (PetD)
in the Cytochrome-bg/f-complex respectively [38]. The monomeric
form of the Cytochrome-bg/f complex was not discernible in the
heterocysts, suggesting that it is either not present or only present in
very low amounts.

In the cell-wall membrane fraction, we also identified the
ferredoxin:NADP-reductase (FNR) which participates in cyclic elec-
tron transfer between PSI and the Cytochrome-bg/f-complex [66-68].
The position of this protein spot in the gel was very close to the
proteins of the Cytochrome-bg/f-complex, but was clearly shifted as
compared to the Cytochrome-bg/f subunits. Although the FNR
migrates close to the Cytochrome-bg/f-complex, its off-centre position
shows that it is clearly not a part of that complex.

3.6.4. Proteins and organization of the NDH-1 complex

The NDH-1 complex is a multi-subunit, proton translocating NAD
(P)H:quinone oxidoreductase (reviewed in [69]). In Synechocystis PCC
6803, this enzyme occurs as one or three complexes of different
composition; NDH-1L (large) and the smaller NDH-1M (medium) and
NDH-1S (small) [70,71]. In our gels, the medium-sized NDH-1M
complex was the most prominent (Fig. 5A, B). At least four different
spots were identified as belonging to the NDH-1M complexes, of
which we identified the NdhH, NdhK and NdhlI subunits. One spot
possibly containing the Ndh] subunit could not be unequivocally
identified due to contamination from the nearby NdhK protein spot.
We did not observe the NDH-1S complex. The NDH-1L complex was

only barely distinguishable, and we could not discern the subunits in
this complex.

In cyanobacteria, NDH-1 is known to participate in respiratory
electron transfer, as well as cyclic electron transfer around PSI [72-75].
It displays a remarkable functional and structural plasticity, and is
known to have different subunit composition depending on growth
conditions [36,74]. Due to its promiscuity in electron transfer partners,
the NDH-1 complex probably has an important role in cyanobacterial
acclimation to varying environmental conditions [76-78]. It has been
suggested that the NDH-1L complex is essential for respiration and
photoheterotrophic growth [79]. Only when Synechocystis PCC 6803 is
grown under carbon-limiting conditions, does the NDH-1M complex
accumulate in any larger quantities [70]. In a CO, enriched atmo-
sphere on the other hand, the NDH-1L complex dominated over the
lighter NDH-1M complex. Since we cultured our strains under CO,-
enriched atmosphere, we did not expect the amounts of NDH-1L
complexes to be so much lower than the NDH-1M complexes. This
difference between the heterocysts of Nostoc punctiforme and Syne-
chocystis PCC 6803 suggests that the occurrence of the different NDH-
1 complexes depends on other factors. Interestingly, mutant strains of
Synechocystis PCC 6803 lacking the ability to form NDH-1L complexes,
displayed rates of re-reduction of P3q, that were close to wild-type
levels, suggesting the NDH-1M complex could be able to support PSI-
based cyclic electron transport [70]. In heterocysts, PSI is assumed to
mainly participate in electron transport involving respiratory
enzymes, such as the Cytochrome-bg/f and NDH-1 complexes. The
present results suggest that it is possible that the NDH-1M complex
might be critical for supporting this function.

3.7. Photosystem II electron transfer

The lack of oxygen evolution and variable fluorescence from PSII in
isolated heterocysts, has led to the conventional assumption that PSII
is completely inactive if not absent in heterocysts [10-13,80]. A few
attempts of measuring electron transport involving PSII have been
made on isolated heterocysts and/or whole homogenates from
ruptured heterocysts [13,28,81]. Light-induced reduction of artificial
electron acceptors has been measured in broken heterocysts from
Anabaena cylindrica, but the activity was ascribed to a reaction with
Photosystem I [81].

We measured the light-driven electron transport through PSII in
thylakoid membranes from both vegetative cells and heterocysts. To
assess the PSII electron transport activity, the light-driven reduction of
the electron acceptor DCPIP, which accepts electrons at the Qg-binding
site in PSII, was followed spectrophotometrically. The results are
shown in Table 2. Reduction of DCPIP was obtained in vegetative cells
with either water as electron donor, or by using the exogenous
electron donor DPC, which donates electrons to the redox active
tyrosine residue on the D1 protein, Tyrosinez (Yz). In heterocysts, we
detected no activity from the water oxidizing complex, i.e. the electron

Table 2
Electron transfer measured in isolated thylakoid membranes

Photo-induced DCPIP reduction umol DCPIP (mg Chl-a)™! h™!

H,0 as DPC+H,0 as DPC+H,0 Fraction of

electron donor electron donor +DCMU active PSII*
Filaments 27+5 34+7 0 0.80
Heterocysts 0 3.9+0.6 0 0
Contamination control® 2.4 37 0 0.65

2 The percentage of Photosystem II centres active in water oxidation was calculated as
the ratio between DCPIP reduction with only H,O as electron donor, and the total DCPIP
reduction after addition of the extraneous electron donor DPC.

b A 10% contamination from vegetative cell thylakoids was emulated by measuring
the activity in vegetative thylakoids, at a concentration corresponding to 10% of that in
the measurements made with the heterocyst membranes. In the table we have
corrected the measured activity to the chlorophyll content in the sample of heterocyst
membranes (see text for details).
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transport from water to DCPIP was close to zero. With the exogenous
electron donor DPC however, we found a reduction rate of 4 pmol
DCPIP reduced mg™! (Chl-a) h™' (Table 2). On a Chl-a basis, this
corresponds to ca 13% of the reduction rate found in thylakoid
membranes from vegetative cells, in the presence of DPC. We also did
the measurement with the inhibitor DCMU, which specifically blocks
electron donation to the Qp-binding site. In the presence of DCMU all
of the observable DCPIP reduction activity was lost, clearly demon-
strating that all observed activity occurred in PSIL

To determine if the observed electron transfer activity in the
heterocyst preparation could be due to contamination of membranes
from vegetative cells, we made additional measurements of electron
transfer in vegetative thylakoid membranes. We performed the
measurements at chlorophyll concentrations emulating contamina-
tion of 1%, 5%, 10% and 20% of vegetative thylakoids, based on the Chl-a
concentrations used in the heterocyst measurements. The measured
electron transfer activities were corrected at each of the different
concentrations, to the total Chl-a concentration in the heterocyst
membranes. We found that the sample corresponding to a 10%
contamination of vegetative cell thylakoids, showed the same electron
transfer activity as in the heterocyst samples, after addition of the
exogenous electron donor DPC (Table 2). On the other hand, when we
did the measurement without any addition of DPC, we obtained an
electron transfer activity of as much as 65% of that in the presence of
DPC, due to the water-splitting activity of PSII in the vegetative cell
thylakoids. In contrast, no such activity could be detected in our
heterocyst membranes in the absence of DPC. Therefore, although a
10% contamination of vegetative cell thylakoids would result in the
obtained electron transfer activity in heterocysts, we would have
detected the normal electron transfer from water to DCPIP from such a
large fraction of thylakoid membranes from vegetative cells, with ease.
Since no activity was detected in heterocyst thylakoids in the absence
of DPC, we conclude that the observed PSII activity was intrinsic of the
heterocyst membranes and not due to contamination.

We conclude that heterocyst thylakoid membranes show light-
induced electron transport through PSII from DPC to DCPIP, corre-
sponding to 13% of the activity in vegetative cells, on a total Chl-a basis.

The PSII complexes in the heterocyst thylakoid membranes are
capable of light-induced electron transport, and are thus active in all
respects except for the water oxidizing complex. To investigate if this
could be due to a lack of manganese, the total amount of Mn in
heterocysts was determined by EPR spectroscopy. It was found that
the amount of Mn ions in heterocysts was 27% of that in the vegetative
cells of Nostoc punctiforme, per Chl-a. Given that the PSII/PSI ratio is
considerably lower in the heterocysts, the amount of available Mn per
Chl-a seems quite sufficient for maintaining the water oxidizing
complex. Therefore, the heterocysts apparently contain the minimum
requirements necessary for performing water oxidation. However, this
seems not to be the case since we did not observe any oxygen
evolution in isolated heterocyst thylakoids.

The light-driven assembly of the water oxidizing complex, termed
photoactivation, takes place in all cyanobacteria and plants without
aid from any maturation systems [76]. During photoactivation, the
water oxidizing complex is assembled stepwise via oxidation of each
Mn ion, by the photo-induced charge separation in the reaction
centre. Photoactivation requires a functional electron transfer path-
way through assembled core PSII complexes, containing the D1, D2,
CP43, CP47 and Cytochrome-bssg subunits, and the availability of Mn
(II) and Ca(Il) ions [82-84]. We have demonstrated the presence of
such core PSII complexes in the heterocyst thylakoid membranes, but
not in the cell wall-associated membranes (above). It is therefore
conceivable that photoactivation could take place in heterocysts.

A possible explanation for the lack of photoactivated PSII centres, is
a slow down of electron transfer on the electron acceptor side of PSII:
At the onset of photoactivation, before the Mn complex is fully
assembled, the electron transfer from PSII to the plastoquinone pool is

slow. This is because the redox potential of the primary electron
acceptor Qy is higher in the absence of an active Mn complex, than in
the fully active enzyme, making the Q4 a slow electron donor to
plastoquinone (reviewed in [85]). Before the enzyme contains a
functional water oxidation complex, the first charge separation
reactions are able to take place with the assistance of auxiliary
electron donors such as the redox active tyrosine residue on the D2
protein (denoted Yp) as well as the Cytochrome-bssg [86]. The rate of
electron transfer from Q, to the plastoquinone pool subsequently
becomes faster [86,87], until it is fast enough for efficient
photoactivation.

In heterocysts, the plastoquinone pool is most likely engaged in
cyclic electron transport around PSI, and it is unlikely that oxidized
plastoquinone will build up in enough concentrations that it can reach
PSII and support photoactivation. Charge separation in PSII will then
result in charge recombination, and mainly involve the auxiliary
electron donors (Yp and Cyt-bssg, see above). Therefore, under
illumination PSII will have little chance to undergo full photoactiva-
tion. However, after a long period of darkness, the supply of electron
sources from the vegetative cells might run sparse. In that case the
plastoquinone pool could become oxidized enough to enable photo-
activation of PSII during the first moments when the light returns.

A possible explanation for the existence of PSII complexes in
heterocysts, is therefore that it might function as a ‘back-up’ system
for utilizing water as a provisional electron source, either during
heterocyst development, or after periods of darkness when supply of
carbohydrates from the vegetative cells runs low.
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